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ASTRONOMY 
Optical Images of an Exosolar Planet 25 Light-Years from Earth 

P. Kalas et al. 

Images from the Hubble Space Telescope reveal a Jupiter-sized planet, perhaps with 
‘dust disk, orbiting about 125 astronomical units from a nearby main 
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Direct Imaging of Multiple Planets Orbiting the Star HR 8799 

C Marois etal. 

Infrared images from the Keck and Gemini telescopes reveal three giant planets orbiting 
counterclockwise around a young star, na scale-up version of our solar system. 
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ECOLOGY 
Physiographic Control on the Development of 
Spartina Marshes 

G. Fragoso and T. Spencer 

Erosion of sediment is harmful to the growth of marsh grass, possibly 
explaining salt marsh die-back, a phenomenon thought to be a result 
of sea-level changes. 
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microRNA, which results in disruption of gene silencing mechanisms. 
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ARole for the ESCRT System in Cell Division in Archaea 
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‘Aclass of proteins required for membrane trafficking and cytokinesis in eukaryotes is 

also unexpectedly required in some Archaea for cell division. 
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DEVELOPMENTAL BIOLOGY 
Reconstruction of Zebrafish Early Embryonic 
Development by Scanned Light Sheet Microscopy 
PJ. Keller, A. D. Schmidt, J. Wittbrodt, E, H. K. Stelzer 
Digitized tracking of each cell during the first 24 hours of zebrafish 
development reveals how the body axis and germ layer are formed 
and provides a community resource. 
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Kinetics of Individual Nucleation Events Observed 
in Nanoscale Vapor-Liquid-Solid Growth 

B. J. Kim etal. 

Transmission electron microscopy reveals the kinetics of nucleation 
‘and growth of siicon particles from liquid gold-sitcon droplets, 
the first step in growing nanowires. 
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CHEMISTRY 
Spectroscopic Tracking of Structural Evolution in 
Ultrafast Stilbene Photoisomerization 

S. Takeuchi et al 

Raman spectroscopy offers a global view of how all the atoms move 
during the photoinduced picosecond isomerization of stilbene. 
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1g and Topological Defects in a 1077 
Two-Dimensional Molecular Network 

M. 0. Blunt etal 

{An organic molecule absorbed on graphite forms networks that 
represent an intermediate state between crystalline ordering and 


amorphous packing. 
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A.S. Sandhu et al. 

‘Attosecond spectroscopy reveals that a second electron cannot be 
ionized from an oxygen molecule until the nucei, which repel each 
other, have moved about 30 angstroms apart. 
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Photosynthetic Control of Atmospheric Carbonyl 1085 
Sulfide During the Growing Season 

J. E. Campbell et al. 

‘The atmospheric concentration of carbonyl sulfide, a trace gas 
consumed by land plants along with carbon dioxide, can be used 

to estimate the amount of photosynthesis occurring on land. 
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‘AFemale Homo erectus Pelvis from Gona, Ethiopia 1089 
5. W. Simpson et al. 

Anearly complete pelvis of an adult female Homo erectus reveals 
that its morphology had evolved in response to increasing fetal brain 
size, not environmental factors, >> News story p. 1040 
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Slide into Action: Dynamic Shuttling of HIV Reverse 1092 
Transcriptase on Nucleic Acid Substrates 

S. Livet al. 

As it converts viral single-stranded RNA to double-stranded DNA, 
HIV reverse transcriptase shuttles between the ends ofthe nucleic 
acid, flipping its orientation. >> Perspective p. 1059 
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Batf3 Deficiency Reveals a Critical Role for CD8a* 1097 
Dendritic Cells in Cytotoxic T Cell Immunity 

K.Hildner etal. 

In mice, an identifiable subset of antigen-presenting cells is necessary 
for a normal immune cell response to viral infection and for efficient 
rejection of tumor cells. 

IMMUNOLOGY 

Del-1, an Endogenous Leukocyte-Endothelial Adhesion 1101 
Inhibitor, Limits Inflammatory Cell Recruitment 

E.¥.Choiet al. 

‘An endogenous inhibitor of immune cell adhesion dampens 
recruitment of immune cells to sites of inflammation. 
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Ubiquitin-Like Protein Involved in the Proteasome 1104 
Pathway of Mycobacterium tuberculosis: 

M. J. Pearce et al. 

‘A prokaryotic version of ubiquitin, a eukaryotic tag for protein 
«degradation, is linked to lysines in prokaryotic proteins destined 

for destruction, a process called pupylation. 

>> Perspective p.1062 
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to Cellulolysis Within Protist Cells in Termite Gut 

¥. Hongoh et al. 

In the termite gut, an endosymbiotic bacterium fixes atmospheric 
nitrogen within the cells of its cellulose-digesting host protst, 
allowing the insect to thrive on wood. 
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Cyanobacteria Lack Oxygenic Photosystem I 

J.P Zehr etal. 

‘An abundant marine cyanobacteria group fixes nitrogen but lacks 
the genes for carbon ftation and oxygen production, forcing a 
‘eevaluation of nitrogen and carbon cycling. 
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Arabidopsis Stomatal initiation Is Controlled by 1113 
MAPK-Mediated Regulation of the bHLH SPEECHLESS. 

G. R. Lampard, C. A. MacAlister, D. C. Bergmann 

Positive and negative developmental signals that determine the 
Locations of gas-exchanging leaf pores converge on a specific domain 
within a transcription factor. 
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Regulatory Genes Control a Key Morphological and 1116 
Ecological Trait Transferred Between Species 

M. Kim etal. 

Akey trait—asymmetric flowers with large petals—moves between 
flower species when a cluster of regulatory genes i transferred from 
«a hybrid toa recipient parent, 
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So That's Why Chickens Have Combs 

Birds and reptiles make hair proteins, just like mammals do. 
Earth's Strange Tango With the Sun 

[Mysterious magnetic portals link our planet tits star. 

Bird Brains Split Lookout Duty 


‘A migrating bird rests half ofits brain while the other half 
remains alert. 


‘A Wnt pathway interaction. 
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RESEARCH ARTICLE: Cripto Localizes Nodal at the Limiting Membrane 
of Early Endosomes 

M.-H. Blanchet, J. A. Le Good, V. Oorschot, S. Baflast, 

G. Minchiott, J. Klumperman, D. B. Constam 

Gripto facilitates ALKA signating by attenuating intraendosomal sorting of 
internalized Nodal. 
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Conflicts of Interest and Physician-Scientists 

J.B. Finkelstein 

Clinician-researchers need to take threats from conflicts of interest 
seriously. 

‘ACareer Niche at the Interface of Academe and Industry 
E. Pain 

Spanish biologist David Rafols used his technology and industry 
experience to create his open-innovation company. 

Learning to Let Go While Trusting Your Data 

5. Webb 

‘New investigators must take responsibility forthe integrity 

of their lab’s data, even as direct control over that data declines, 
From the Archives: Do You Really Want Your Name on 
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K. Cottingham et al. 

Science Careers looks atthe ethics of authorship, responsibilty, 
and keeping careful records in the lab. 
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<< How Stilbene Twists 


Over the last decade, ultrafast vibrational spectroscopy has offered 
detailed glimpses into how molecules rearrange upon excitation 


However, the available information tends to be confined to the small 
segment of the molecule that is most actively changing. Takeuchi et al, 
(p. 1073; see the Perspective by Blank) used a coherent Raman tech- 
nique to track vibrations more globally across the framework of stil- 
bene during its photoinduced cis-to-trans isomerization about the 
central C=C double bond. Tracking the steady frequency shift of a 
skeletal vibration and then modeling the process theoretically pro- 
duced a thorough picture of the order in which different portions of 
the molecule move, starting with a lengthening of the double bond 


{CREDITS (1OP TO BOTTOM TAKEUCHI ETAL: SMPSON ETAL 


Homo erectus Hips 

Human pelvic morphology is central to the 
understanding of obstetrics, sexual dimorphism, 
and neonatal brain size and patterns of brain 
growth, as well as the evolution of body form and 
its relation to locomotor refinements and adapta- 
tion to tropical environments. However, suffi- 
ciently preserved pelvic bones are very rare in the 
fossil record, and only 
few such hominid fos- 
sils are known from the 
entire Plio-Pleistocene 5 
record of Africa. Simpson et 

al. (p. 1089) have successfully 
recovered, and restored a near- 
complete adult female Homo 
erectus pelvis from Gona, Afar, Ethiopia, dated to 
~0.9 to 1.4 million years ago. The H. erectus 
pelvis was much more australopithecine-like than 
hitherto thought, and allowed a neonate brain size 
25 to 30% larger than earlier estimates, suggest: 
ing that H. erectus lacked a fully human-like phase. 
of infant dependency. Additionally, H. erectus did 
‘not have the tall narrow body form of modern 
humans adapted to tropical, semi-arid environ- 
ments or hips adapted for long distance running, 
previously thought to characterize H. erectus. 


| a 


Oxygen Torn Apart 

When molecules are photoionized with excess 
energy, they can relax by ejecting a second elec- 
tron. However, photoionized oxygen has appeared 
to relax in this way only after the nuclei spread a 
substantial distance apart. By pairing recently 
developed attosecond x-ray pulse generation 
techniques with precise ion imaging, Sandhu et al. 
(p. ) uncover the detailed dynamics underly- 
ing this behavior. The initially generated 0** ion 
quickly drops below the energy threshold for 
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and extending to the twisting of pendant H atoms out of plane. 


formation of the dication, but, as the nuclei repel 
‘one another, the dication becomes accessible at 
a separation distance of roughly 30 angstroms. At 
that stage, a transient state (a Feshbach reso: 
nance) can be observed, which persists due to 
spin-orbit coupling before eventually decaying 
through further ionization or radiative relaxation 


> LF Quantifying Global 


y Photosynthesis 

The utility of climate models rests in part 

on how well the uptake of CO, by plants, 
i.e., photosynthesis, can be represented, 

because carbon and climate are so inextrica 

bly entwined. However, how much photosynthe 
sis actually occurs on a global scale is very diffi- 
cult to measure, because the available tech: 
niques are either indirect, or direct but not 
amenable to large-scale application. Campbell 
et al. (p. 1085) show using measurements made 
during the North American growing season that 
carbonyl sulfide, COS, is a good surrogate for 
CO, and that the quantitative relationship 
between the two that has been measured in the 
laboratory also extends to the bulk atmosphere 
Thus, the measurement of vertical atmospheric 
concentration gradients of COS should reflect 
how much photosynthesis is occurring over con: 
tinents during the growing season. 


Digitizing 

Development 

Current microscopes provide neither the speed 
nor the low phototoxicity required for recordings 
of entire embryos over long periods of time, 
which would be required to reconstruct a com- 
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| plete picture of vertebrate development. Keller 
et al. (p. 1065, published online 9 October; see 
10 October news story by Vogel; cover) devet- 
oped digital scanned laser light sheet fluores- 
cence microscopy that overcomes these limita- 
tions and detivers quantitative information for 
entire zebrafish embryos at subcellular resolu: 
tion. The data provide a developmental blueprint 
of a vertebrate species and simultaneously track 
about 20,000 cells up to a stage in which major 
organs show function 


Disordering of Surface Tiles 
Molecular networks on surfaces could provide a 
readily interrogated model for understanding the 
structural basis of glasses, but often the interac- 
tions between molecules lead to well-ordered 
arrays. Blunt et al. (p. 1077) used scanning tun: 
neling microscopy to investigate an intermediate 
case between crystals and glasses in which an 
organic molecule (p-terphenyl-3,5,3',5 -tetracar- 
boxylic acid) absorbed on graphite locally organ: 
izes into rhombus tiles. The tiles have a nonperi- 
odic arrangement and are not ordered translation- 
ally. Networks formed as junctions of three to six 
molecules with hexagonal symmetry, and triangu- 
lar defects could form and move through the net- 
work causing reordering oh the local arrangement. 


Putting the Brakes 
on Inflammation 


Numerous adhesion receptors of the selectin, 
integrin, or immunoglobulin family promote 
inflammatory cell recruitment. In contrast, 
inhibitors of the leukocyte adhesion cascade are 
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This Week in Science 


Continued from page 1021 


not well known. Now Choi et al. (p. 1101) have characterized developmental endothelial locus—1 (Del-1) 
as an endogenous inhibitor of the leukocyte adhesion cascade. Del-1, which is an endothelially 
expressed, secreted molecule, is ligand of the major Leukacyte adhesion receptor LFA-1. Soluble 
Del-1 inhibited neutrophil adhesion under both static and physiologic flow conditions. Endothelial 
Del-1 deficiency promoted increased leukocyte adhesion, and mice lacking Del-1 displayed signifi- 
cantly higher neutrophil accumulation during lung inflammation, which was reversed in Del-L/LFA-1 
double deficient mice. Thus Del-1 interacts with LFA-1 preventing inflammatory cell recruitment. 


Ubiquitin’s Pup(py)? 

Ubiquitin is a universal modifier used by eukaryotes to tag proteins for degradation. Now Pearce et al. 
(p.1104, published online 2 October; see the Perspective by Mukherjee and Orth) describe a 
ubiquitin-like protein system they call Pup in prokaryotes. Pup appears to be required for protein 
degradation by the Mycobacterium tuberculosis (Mtb) proteasome. Because proteasome function is 
essential for the virulence of Mtb, the Pup conjugation pathway could potentially be targeted for the 
development of antituberculosis drugs. 


From Flower 
to Flower 


Although horizontal gene transfer has 
been extensively studied in bacteria, 
its role in the evolution of multicet 
lular plants and animals has been 
explored little. M. Kim et al. (p. 1116) 

analyze a key morphological and ecological trait transferred naturally between two higher eukary- 

otic species, flowers of the genus Senecio. The transfer involves introgression of a cluster of regula- 
tory genes that control flower morphology. The genes are expressed in the outer regions of the 
developing flower where they promote the production of asymmetric florets with large petals, yield- 

ing a daisy-like head that confers higher levels of outcrossing. Thus, regulatory genes can allow a 

key morphological and ecological trait to be gained, lost, and regained during evolution, providing 

a more dynamic view of evolutionary change than the traditional one which considers each lineage 

as evolving independently. 


Sole Food 


Termites have a formidable capacity for digesting dead wood. Consequently they have become major 
pests destroying man-made structures around the world. The biochemical talents required for digesting 
‘wood are much sought after by humans for processing biofuels, but because wood is an unbalanced 
foodstuff and lacks nitrogen, no simple solution is available. Termites owe their success to arrays of sym- 
biotic microorganisms possessing complementary metabolisms. Hongoh et al. (p. 1108) have 
sequenced the genome of a dominant bacterial symbiont living within a dominant protozoan that lives 
in termite guts, The sequence reveals genes that allow the bacterium to fx atmospheric nitrogen, to 
recycle nitrogen from waste nitrogen products from its protozoan host, and to make amino acids for its 
own and both its host's and its host's host's use. The energy required for nitrogen fixation is consider- 
able and the bacterium obtains this not only from hydrogen produced during nitrogen fixation but also 
from the anaerobic fermentation of sugars released from cellulose by the protozoan, 


To Be or Not to Be? 


The tiny pores, or stomata, that open and close on a leat’s surface allow for the exchange of 
gases according to the needs of the plant's physiology. The number of stomata formed during 
development is a result of competing signals that activate or repress pore formation. Lampard 
et al. (p. 1113) now show how these competing signals converge so that their inputs result in 
one question: Will there or won't there be a stoma placed here? The transcription factor SPEECH- 
LESS, which activates stomatal development programs, can be phosphorylated by certain mitogen 
activated protein kinsases (MAPKs), a group of kinases that, among myriad other functions, 
repress formation of stomata. All the phosphorylation sites are contained within the 93-amino 
acid MAPK target domain of SPEECHLESS, which thus integrates positive and negative signals. 
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A Call to Serve 


ONCE BARACK OBAMA BECOMES THE 44TH PRESIDENT OF THE UNITED STATES IN JANUARY 
2009, he will, sooner or later, appoint individuals to science and technology policy posi- 
tions within the executive branch of government. It seems as though every science- and 
engineering-related think tank either has published, or shortly will, a report calling on the 
new administration to appoint these people quickly and give them the authority and tools 
to do their job. 

But it is not just an administration choice; qualified scientists and engineers need to 
be willing to take those jobs. The quality of the decisions and actions of an administra- 
tion directly depends on the quality of those appointees and others who serve. Our prem- 
ise is that every engineer and every scientist ought to include service to their country in 
their career plan. 

Too often we have heard “I am too busy.” or “my research 
is my service to the country,” or various disparaging remarks 
about government bureaucrats and not wanting to be associ- 
ated with them. There are several reasons why technically lit- 
erate people should serve. First, they are needed. The world is 
more technologically sophisticated than it has ever been, and 
today most public policy issues have technical dimensions. 
Without sound technical input, some bad public policy will 
result. Without unrelenting oversight by individuals with 
technical expertise to ensure sound implementation, foolish 
actions will be taken. 

The US. population broadly supports the nation’s research 
and, frankly, in return the research community owes it to soci- 
ety to ensure that the best possible policy decisions are made. 
And there is a self-interest factor. This community believes 
that increased support for research would benefit the nation 
in the long term, but that case needs to be made from within 
the government as well as from the outside. The same argument 
is valid for other nations as well. Lastly, government service can be intellectually interest- 
ing. Executive agencies have resources to deal with problems, The challenge is to address 
them creatively and effectively. 

Scientists and engineers think about problems differently. For example, lawyers, who 
disproportionately populate government positions, are trained to marshal an argument to 
support a predetermined conclusion (¢.g., the client is innocent). In contrast, scientists and 
engineers are taught to analyze and design so that the outcome is not predetermined but is 
derived from the constraints of the problem. They collect relevant information, and only 
solutions that fit the data are acceptable. Scientists and engineers also think in terms of the 
total problem—for today and for tomorrow. An engineer will design a bridge to be taken 
down cost-effectively at the end of its life. This culture of thought and analytic tools and 
decision-making methods needs to have a stronger influence in decisions made about 
issues that at their root involve science or technology. 

So how might one try out such service? One approach is to volunteer to advise some ele- 
ment of the government. Once a person is seen to contribute, they are increasingly called on 
to advise at higher levels. This can lead to appointment to more senior advisory bodies. 
Alternatively, an individual can apply to be a program officer in a federal or state govern- 
‘ment agency. Universities routinely grant leaves of absence for such service. Although one 
does not begin as the head of an agency, these program officer positions wield considerable 
resources and can materially address important challenges. 

We believe that the scientists and engineers of all countries need to step up. Every one 
has a contribution to make. Shouting from the sidelines does not work. And if the technical 
community does not engage, we will get what we deserve. 

William A. Wulf and Anita K. Jones 


10.1126iscience. 1167218 
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PHYSICS 
Polarization Puzzle 


When very high-intensity light strikes a solid 
surface, it can liberate multiple electrons and 
ions that then continue to collide rapidly with 
‘one another, forming a plasma state. These col- 
{isions in turn tead to emission across a broader 
spectrum of wavelengths, as kinetic and electro- 
‘magnetic energy steadily interconvert. The 
chaos of such a process might be expected to 
distribute the emitted light across completely 
random orientations, However, Liu et al. make 
the surprising observation that under certain 
conditions, the plasma produced from a silicon (Si) 
surface initially emits a continuum of ultraviolet 
light that is >95% polarized. The optimal con- 
ditions involved focusing a pair of ultrashort 
laser pulses spaced 80 ps apart in time onto a 
Si(111) crystal face; this dual pulse sequence 
proved key to maximizing the effect. The degree 
of polarization was also highly sensitive to the 
distance between the surface and the laser 
focus, and scaled inversely with pulse intensity 
(at least within the range sufficient to induce 
plasma emission), —}SY 

‘Appl. Phys. Lett. 93, 161502 (2008). 


MATERIALS SCIENCE 
Graphene Oxide Resonators 


‘One potential application for graphene (sheets 
of graphite only one or several layers thick) isas 
a resonator in nanoelectromechanical systems, 
in part because of the high ratio of stiffness to 
‘mass. However, the formation of large-area films 
of exfoliated graphene and manipulation of the 
‘graphene flakes are experimentally challenging. 
An alternative 
is to use a 
related mate- 
rial, graphene 
oxide, in which 
the graphene 
film is chemi- 
cally modified 
with oxy- 
genated sub- 
stituents. 
Robinson et al. rapidly deposited graphene oxide 
platelets onto glass by spin casting along with 
rapid solvent evaporation, which formed ultrathin 
continuous films. These films could then be 
chemically reduced, and despite being as thin as 
41nm, could be released from the substrate by 
being dipped into basic solution. They could then 


PHYSIOLOGY 


Four Wings Are Better Than Two 


The hindwings of butterflies and moths are necessary for agility, but not for flight itself. In 
experiments in which the hindwings of cabbage butterflies and gypsy moths were removed, 
Jantzen and Eisner found that the forewings were sufficient for these lepidopterans to remain 
airborne, despite the fact that they constitute only half the total wing area. However, video 
recordings showed that removal of the hindwing, which is mechanically coupled to the 
forewing, resulted in substantial deficits in several measures of flight performance, such as 
linear and turning acceleration. Hence, the hindwing may have evolved as an adaptation for 
rapid maneuverability in the face of pursuit by predators, chiefly bats and birds. — AMS 


be suspended onto substrates patterned with cir- 
cular holes (between about 3 and 7 yum in diam- 
eter) in order to form drum resonators. Laser 
interferometry revealed that these membranes 
resonate in the radiofrequency range and have 
Quality factors up to 4000, which is comparable 
to those of diamond oscillators and exceeds typi- 
calvalues for graphene oscillators (10 to 200). 
This increase relative to graphene reflects the 
enhanced adhesion of graphene oxide to glass 
surfaces through surface oxygen groups. — PDS 
Nano Lett. 8, 3441 (2008). 


MOLECULAR BIOLOGY 
Keeping One's Identi 


The phenotype of a cell is in part defined by its 
pattem of active versus inactive gene expression. 
During development, progenitor cells divide and 
differentiate down specific lineages, and daughter 
cells retain the same activity profile as the cell 


Proc. Natl. Acad. Sci. U.S.A. 105, 16636 (2008). 


from which they were derived. It is necessary to 
preserve these markers of cell identity through 
mitosis, when transcription ceases and many chro- 
matin-binding proteins that determine gene 
activity dissociate from the DNA. Most of the chro- 
matin becomes tightly compacted, but some 
active regions remain open, due to the binding of 
specific factors to gene promoters, This enables 
transcription to resume more easily after cell divi- 
sion and is known as gene bookmarking, being 
analogous to the way a bookmark allows one to 
‘open a book ata specific page; gene-specific 
bookmarking factors have been identified. TATA- 
binding protein (TBP) is an essential basal tran- 
scription factor, which remains bound to active 
promoters during mitosis, and Xing et al. show 
that TBP acts as a general bookmarking factor by 
recruiting the phosphatase PP2A. This enzyme 
inactivates condensin, which isa large protein 
complex involved in compacting chromosomes 
during mitosis. Understanding general mecha- 


14NOVEMBER 2008 VOL322 SCIENCE www.sciencemag.org 


nisms of bookmarking could be important for con- 
trolling cellular behavior during reprogramming, 
when differentiated cells need to be wiped dean 
of their previous identity. — HP* 

‘Not. Cell Biol. 10, 1318 (2008). 


PSYCHOLOGY 
Don’t Get Even, Stay Mad 


Declarations of unintentionality ("I didn’t mean 
to hurt you") often suffice to defuse tense situ- 
ations and to reduce or eliminate vengeful 
responses to a harmful act. But does the reining 
in of aggressive behavior reflect deliberate and 
effortful control of those impulses, or does the 
claim of a lack of purpose serve to dissolve 
‘one’s anger? Using a social evaluation setting, 
Krieglmeyer et al. obtain evidence linking the 
attribution of intention to a conscious overrid- 
ing of impulsive aggression. They presented 
students with positive or 

negative ratings (from an a 
‘unseen partner) of their 

ideas for naming a new 

energy drink; half of the 

students who had 

received negative feed- 

‘back were then told that 

their partner had mis- 

taken the high-low direc- 


tion of the rating scale te ge 
and had in fact intended 
to assign them positive 
marks, When assessed 
specifically for anger 
ire oe 


Using an implicit meas 
ure and for behavior by 
‘means of the same rating 
scale, this set of students displayed a lower 
level of aggression as compared to the students 
whose negative assessments had been inten- 
tional (although they still exhibited a higher 
level of hostility than the students who had 
received positive ratings initially). In contrast, 
learning that the negative ratings had been 
delivered in error and that the actual intent had 
been to send positive feedback had no effect on 
the levels of implicit anger. — GJC 

1. Exp. Soc. Psych. 44, 10.1016/)/ 

jesp.2008. 10.003 (2008). 


CELL BIOLOGY 
Can You Hear Me Now? 


it's bit like talking to your neighbor at a din- 
ner party with a megaphone, but Tovey et al. 
report that the stimulation of calcium release 


“lelen Pickers is a locum editor in Science’ editorial 
department. 
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through inositol 1,4,5-trisphosphate receptors 
(PR) results from enormous amounts (1000 
times greater than the amount needed to acti- 
vate protein kinase A) of the second messenger 
cAMP produced by adenylyl cyclase (AC) mole- 
cules that are closely apposed to the IP,R chan- 
nel, The authors were led to this unorthodox 
interpretation by their exploration of the 
mechanisms by which parathyroid hormone 
(PTH), which itself does not cause the release 
of calcium, enhanced the effects of other hor- 
‘mones on the release via IP,Rs of calcium from 
internal stores. Only PTH analogs that acti- 
vated AC potentiated calcium release. High 
concentrations of cAMP analogs were sufficient 
to reproduce the effects of PTH and were not 
additive with the effects of the hormone. The 
authors propose that AC and IP,Rs are in such 
close proximity that activation of the cyclase 
produces a massive all-or-none response of the 
channel that is resistant to modulation by 
agents that alter cytoplasmic concentrations of 
cAMP; immunoprecipitation experiments con- 
firmed the prediction that IP,Rs and AC were 
associated physically. Such signaling com- 
plexes would have on-off or switchlike proper- 
ties and could allow graded responses by 
recruitment of more activated complexes 
rather than graded response at an individual 
complex. To add to the complexity, the IP,R- 
associated isoform of AC is inhibited by cal- 
cium. Thus, localized concentrations of cAMP 
and calcium might oscillate as a result of feed- 
back inhibition, — LBR 


J..Cell Biol. 183, 297 (2008). 


CHEMISTRY 
Delivering More Than Charge 


small platinum or carbon wire inserted into a 
solution environment can yield substantial 
chemical insight through charge exchange with 
local compounds. One limitation of such elec- 
trode sensing, however, is that only electrons 
can be shuttled back and forth. Chen et al. 
have engineered a microfluidic apparatus, 
which they term a chemistrode, that can 
deliver or remove complex molecules from spe- 
Gific sites with a spatial resolution of 15 pm. 
The system relies on a fluorocarbon carrier 
fluid that pulls well-separated aqueous 
droplets through a channel that briefly opens 
to contact a substrate surface for molecular 
exchange. Analytes absorbed from the sub- 
strate can then be subjected to a wide range of 
traditional spectrometric probing techniques. 
The authors demonstrate the device through a 
‘measurement of insulin secretion kinetics by 
murine islet of Langerhans cells. —JSY 

Proc. Natl. Acad. Sci. U.S.A. 105, 16843 (2008). 
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_Fish Online 


At right are the dried remains of Haemulon sciurus, 
in one of the beautiful high-resolution photos, now 
online, of 168 fish specimens classified by 18th cen- 
tury Swedish naturalist Carl Linnaeus. The fish are in 
the collection of the Linnean Society of London 
(www.linnean.org), which sponsored the project with 
the help of Japan’s Emperor Akihito, an ardent ama- 
teur ichthyolagist known for his contributions to the 
taxonomy of gobioid fishes. Linnaeus’s Systema 
Naturae, the recognized starting point for biological 
classification, was published in 1735. Linnean plant 
and insect databases are already online. 
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Oil and Mud 


Was the continuing eruption of Lusi, the 
Indonesian mud volcano that began 30 months 
ago, triggered by a distant earthquake or by the 
<rilling of a nearby gas well? The question has 
spurred fierce arguments among scientists 
(Science, 13 june, p. 1406). 


Opponents squared off in a debate last month 
ata meeting of the American Association of 
Petroleum Geologists in Cape Town, South Africa. 
Geologists Richard Davies of Durham University in 
the U.K. and Mark Tingay of Curtin University of 
Technology in Perth, Australia, argued that drillers 
had tapped into a highly pressurized aquifer that 
fractured weak rock in the unprotected borehole 
and that the magnitude-6.3 earthquake occurring 
2 days before Lusis eruption was too small and 


The issue is more than academic. If Indonesian 
‘courts agree with the scientists, Lapindo Brantas 
could have to pay tens of millions of dollars in 
‘compensation to 10,000 families and dozens of 
business owners who have lost properties to the 
rising tide of mud. 


Saving Michael Caine 


it's a criminal conundrum: $4 million in stolen 
gold and the crooks who just pulled off the 
heist teeter in a bus off the edge of a moun- 
taintop. “Hang on, lads, I’ve got an idea,” says 
actor Michael Caine. Then the 1969 movie The 
Italian Job cuts to the credits. 

Now, to celebrate the movie's 40th 
anniversary, the Royal Chemistry Society 
(RCS) in London is asking fans to come up with 
‘an engineering idea to get Caine and his 
‘cronies out of their dilemma. “It’s a way of 
pointing out that science is all around us— 


WORLDWIDE BLIGHT 


including a bank robbery,” says RCS 
spokesperson Brian Emsley. 

Entrants have until 1 January to submit a 
solution that includes a description of the 
phiysics and engineering challenges involved. 
Drawings and schematics are encouraged; no 
deus ex machina—such as a convenient heli- 
copter—allowed. 

The winner will receive a 3-night visit to 
Turin, italy, where the movie's action takes place. 
Daniel Frey, a mechanical engineer at the 
‘Massachusetts Institute of Technology in 
Cambridge, who is not involved in the competi- 
tion, says the challenge underscores the ingenu- 
ity required in science. “There's more than one 
way to skin this cat,” he says. He says principles 
such as equilibrium and inertia could help 
entrants tackle the problem. For example, the 
bus’s toppling might be delayed briefly, allowing 
time for some intervention, if the balance 
between the gold and the people were changed. 


Depression is the most disabling condition in the world, according to the World Health 
Organization. In its annual report issued last month, Global Burden of Disease: 2004 Update, 
authors found that unipolar depressive disorders account for more years of disability than any 


other condition—for both 


remote to have any effect. Rocky Sawolo, drilling LEADING CAUSES OF DISABILITY FOR WOMEN AGED 15-84 YEARS sexes, but especially females 
adviser for the oil company Lapindo Brantas, and UO eel (see chart)—in rich and poor 
geologist Adriano Mazzini of the University of HIVAIDS| countries alike. Also high on 
Oslo, Norway, claimed that well pressures were ae the list are alcohol-use disor- 
within acceptable timits and thatthe earthquake | , ders (particularly for males), 
reactivated a nearby fault. “it eee: hearing and vision prob- 

At the end, the moderator, geologist John SER Gs) ie lems, and migraines. In a 
Underhill of the University of Edinburgh, U.K., (eres coneneenl ranking of causes of years of 
called for a vote. OF 74 scientists voting, 42 Bipolar dsorder)— healthy life lost, depression 
agreed that drilling triggered the eruption. Only Traffic accidents is surpassed only by lower 
three opted for the earthquake scenario, 13, (imate 2% respiratory infections and 


favored both factors, and the rest found the evi- 
dence inconclusive. 


www.sciencemag.org. 
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INSIDE GOVERNMENT 
CHANGES AT NIH. Alan Krensky has resigned 
from his job overseeing a new office coordinat- 
ing research across the U.S. National Institutes 
of Health (NIH) as part of a realignment of the 
director's office. 
Krensky was brought in by NIH Director 
Elias Zerhouni in July 2007 to head its Office 
of Portfolio Analysis and Strategic Initiatives 
(OPASI), launched a year earlier (Science, 
17 August 2007, p. 887). But observers told 
Science that Krensky clashed with institute 
directors. Krensky denies any tension, saying 
that he found NIH to be “as collaborative as 
you get.” 
Krensky’s exit follows Zerhouni’s on 
31 October anda directive from Congress to 
fold OPASI into a new division that will also 
‘oversee NIH offices of social sciences, women’s 
health, and AIDS. "We all agreed that this was a 
‘good time for a change in leadership,” says 
NIH acting Director Raynard Kington. Lana 
Skirboll, who heads NIH's science policy office, 
will serve as acting director of the new division. 
Krensky says that OPASI was “a small, flexible 
think tank” and adds that the new division “is, 
very different” because of its broader oversight, 
which makes it more bureaucratic. His “plan 
right now” is to work full-time in his NIH cancer 
immunology lab, where he had been spending 
half a day a week. 


MOVERS 
PAYING HIS DUES. Two years before Fred 
Spilhaus became executive director of the 
‘American Geophysical Union (AGU) in 1970, the 
association raised its annual dues to $20. This 
month, the 70-year-old Spilhaus announced he 
will step down from his post in June 2009, and, 
incredibly enough, the dues haven't budged. 
“There were a few things | did that really 
worked,” says Spilhaus, who cites that bargain 
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basement price as one reason the association's 
membership rose from 10,000 to 55,000 dur- 
ing his tenure. “The strategy was to keep the 
members and make room for everybody around 
the world.” About 30% of its members reside 
outside the United 
States, and most also 
maintain an atle- 
giance to a specialty 
society of seismolo- 
gists, geologists, 
oceanographers, oF 
meteorologists. 
Trained as a phys- 
ical oceanographer, 
Spithaus took over in 
1970 when AGU was 
a committee of the 
U.S. National Academy of Sciences with 40 
full-time employees. Within 2 years, he 
helped transform it into an independent soci- 
ety that now publishes 5300 articles per year 
and supports 178 staffers. Next month, its 
annual meeting will attract 16,000 attendees 
to San Francisco, California, 


IN THE COURTS 

BAYING FOR BLOOD. Biopure, a 
‘Massachusetts biotech company that makes a 
blood substitute called Hemopure, has filed a 
defamation suit against U.S. National 
Institutes of Health (NIH) researcher Charles 
Natanson over a study highlighting the risks 
from using the product. Hemopure is sold in 
South Africa and is under development in the 
United States and Europe. 

Biopure charges that it suffered “signifi- 
cant financial harm” as a result of Natanson’s 
atticle published online 28 April in the 
Journal of the American Medical Association 
AMA) and letters he wrote to health officials 
in the United Kingdom and South Africa alert- 
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<< Campaigns 

NANOBAMA. Let's hope there's a microscope at the White House, 
because one of the first gifts Barack Obama will receive once he 
becomes president is a batch of these miniportrait 
meter wide and made out of about 150 million carbon nanotubes 
each. They were created a week before the 4 November election by 
mechanical engineer John Hart and his colleagues at the University 
of Michigan, Ann Arbor. Hart says he wasn't making a political 
statement, although he does support Obama, “I just wanted to draw 
attention to the importance of research for economic development 
and to promote public interest in science and technology,” he says 
For more images, go to www.nanobliss.com 


about halfa milli- 


D.C., also notes that the JAMA article did not 
disclose that Natanson had applied for a 
patent on technology to make artificial blood 
safer and “seeks to benefit financially from 
widespread adoptions of the contentions he 
makes,” Biopure wrote in its suit. Natanson 
revealed the patent in JAMA in July. 

Natanson’s meta-analysis of 16 trials on 
five blood-substitute products, including 
Hemopure, concluded that the products in- 
creased the risk of death by 30% (ScienceNOW, 
28 April: sciencenow.sciencemag.org/cgi/ 
contenvfull/2008/428/1). Natanson declined 
to comment for this story but noted in April 
that “we need to move from humans back to 
animals, until we find a formulation that has 
less toxicity.” On 4 November, Natanson asked 
the judge to dismiss the case. 


Deaths 


‘SHELF LIFE. Science fiction 
author Michael Crichton, 
who wrote bestsellers such 
as Jurassic Park and The An- 
dromeda Strain, died of can- 
cer 5 November. He was 66. 

Crichton entertained mil- 
lions, and many say his life- 
time’s work raised the pub 
lic’s interest in science. But 
Crichton also received his 
share of criticism from sci- 
entists, most notably for a 
2004 novel, State of Fear, 
which portrayed global warming as a hoax. 
Kendrick Frazier, editor of Skeptical Inquirer, 
says the book “probably caused a lot of mis- 
chief and misunderstanding about the seri- 
‘ousness of global warming and climate 
change.” But, Frazier says, no one can deny 


ing them to the paper. The suit, filed 10 Crichton's skills as a storyteller. 
October in U.S. District Court in Washington, 
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SCIENCE ANDTHE ELECTION 


The Vatican 
and evolution 


Obama Victory Raises Hopes for 
New Policies, Bigger Budgets 


Make no mistake: US. scientists hope that the 
election last week of Barack Obama as presi- 
dent and a larger Democratic majority in both 
houses of Congress will usher in an era of sus- 
tained, healthy increases in the federal funding 
of basic research, But money isn’t everything, 
and ina time of yawning deficits and urgent 
demands on the federal treasury, those 
increases may not happen anytime soon, 

Propping up a shaky economy will be job 
#1 for Obama once he takes the oath of off 
on 20 January 2009. So scientists and science 
policymakers will be looking to the new presi- 
dent to first make good on campaign promises 
that don’t require big outlays, such as elevating 
the status of the president's science advi 
lifting a ban on new human embryonic stem 
(ES) cell lines, and restoring the integrity of 
federal decision making, including scrapping 
some environmental regulations based on 
questionable science. 

At the top of the list for many is the early 
appointment of science adviser with the addi- 
tional title of assistant to the president. (The 


| PROMISE THAT’ 
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current adviser, John Marburger, wasn't nomi- 
nated until June 2001 and ranks a step below 
assistant on the White House pecking order.) 
Those actions would be a sign that the president- 
elect recognizes the importance of science to 
the country, says Ralph Cicerone, president of 
the US, National Academy of Sciences. “The 
world still loves and respects US. science, and 
itcan be an instrument of good will—and good 
ays Cicerone. “When we wrote to 
both campaigns this summer, we did not sa 
“Put more money into science.’ What we said is 
that they need science to gover effectively.” 
‘Some want Obama to go further and make 
the director of the Office of Science and Tech- 
nology Policy (historically a second job for the 
science adviser) part of his Cabinet. Neal 
Lane, who held both posts during President 
Bill Clinton’s second term, doesn’t think that's 
necessary. But he agrees that regularaccess to 
the president and his Cabinet secretaries is 
essential. “The Cabinet table is pretty full 
already,” says Lane, who emphasizes that 
Obama hasn't solicited his advice. “As long as 


My Administration will increase funding for 
basic research ... at a rate that would double 
budgets over the next decade. ... We are clearly 
Lnderinvesting in research across the spectrum 
of scientific and engineering disciplines. 


Statin trial 
inflames debate 


you're invited to all the meetings, that’s all the 
status you need.” 

Stem cell researchers are confident that 
Obama will act swiftly on his promise to 
reverse President George W. Bush's policy of 


restricting federal funding for research 


on human ES cells to lines derived before 
9 August 2001, Science lobbyists are shooting 
for a two-pronged attack: a speedy executive 
order, followed by legislation that would allow 
federally funded researchers to work with any 
lines derived from embryos that would other- 
wise be discarded by fertility clinics. Bush 
vetoed such legislation twice, But Representa- 
tive Diana DeGette (D-CO) already has a new 
ion ready. Introduced in the waning days of 
this Congress, it would allow research to be 
conducted on human ES cells “regardless of the 
date” they were derived and require the Depart- 
ment of Health and Human Services to issue 
research guideline: 

R. Alta Charo, a lawyer and bioethicist at 
the University of Wisconsin Law School in 
Madison, says Obama could simply tell the 
USS. National Institutes of Health (NIH) to go 
ahead and fund research on newer lines, But 
Tony Mazzaschi of the Association of Ameri- 
can Medical Colleges in Washington, D.C., 
thinks an executive order would be the best 
way to clarify a picture complicated by a 2007 
presidential directive that urges NIH to 


{believe that we can continue to modify plants 
safely with new genetic methods, abetted by 
stringent tests for environmental and health 
effects and stronger regulatory oversight. 


{will implement a market-based cap-and- 
trade system to reduce carbon emissions by 


‘My Administration will make 
the R&D tax credit permanent. 


the amount scientists say is necessary: 80% 
below 1990 levels by 2050. 


| will require 


all pollution credits to be auctioned. 


{ will lift the current Administration’s ban on. 


federal funding of research on [human] embryonic 


stem cell lines created after 9 August 2001. ... 
Embryonic stem cells remain the gold standard. 


| will reestablish the National 
Aeronautics and Space Council, 
reporting to the president. 


| will work actively to ensure 
that the U.S. ratifies the Law 
of the Sea Convention. 


‘My Administration will work to guarantee students 
access to strong science curriculum at all grade levels. 


“*Answers to ScienceDebate 2008 
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explore “alternative” ways of generating 
pluripotent ES-like cells. 

Environmental advocates are also hoping 
that Obama will overturn several rules and reg- 
ulations put into place over the past 8 years. For 
example, David Wilcove, an ecologist at 
Princeton University, and others are pushing to 
reinstate into the National Forest Management 
Act of 1976 a regulatory requirement to main- 
tain viable populations of vertebrates; that pro- 
jon was removed in 2005 to provide greater 
flexibility, to the benefit of the logging industry. 

In the meantime, environmentalists are 
nervously watching as the Department of the 
Interior tries to finalize several rules, includ- 
ing one that relaxes the requirement for fed- 
eral agencies to consult with biologists at the 
Fish and Wildlife Service about actions that 
would impact endangered species (Science, 

. 1030), “This rule really is a dra- 
matic weakening of the safety net that protects 
endangered species,” says Andrew Wetzler of 
the Natural Resources Defense Council in 
New York City. In August, a campaign official 
said Obama opposes the changes. If the 
department completes its work before Bush 
leaves office, however, reversing the last- 
minute rulemaking will take considerable 
time and effort. 

Scientists haven’t forgotten about money, of 
ccourse—especially Obama's campaign pledge 
to double federal spending for basic research 
over the next decade. University and research 
lobbyists are hoping the new president's back- 
ing, combined with strong bipartisan support, 
will help them achieve the ramp-up in funding 
for the National Science Foundation, the 
Department of Energy’s Office of Science, and 
the National Institute of Standards and 
Technology that’s authorized in the America 
COMPETES Act of 2007 but that has been an 
empty promise so far. 

Some help could come as early as next 
week, during a lame-duck session of the out- 
going Congress, if Democratic leaders and 
Republican Bush can agree on a short-term 
stimulus package. There’s an outside chance 
that the package could include something to 
shore up the nation’s research infrastructure in 
the current 2009 fiscal year, which runs 
through 30 September. “Funding for the 
COMPETES Act is still a high priority, 
whether it gets done in a stimulus package for 
2009 oras part of next year's[2010] budget,” says 
Robert Berdahl, president of the 62-member 
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The threatened 
banana 


Why does childhood 
lastso long? 


NEW CONGRESS LOOKS FAMILIAR 


Democratic science powerbrokers in Congress have retained their seats. But a major reshuffling of 
Senate committee posts is under way that could affect research and training issues, 

In the 435-member House of Representatives, where incomplete returns show Democrats 
gaining 20 seats, the leadership of the House Science Committee will remain unchanged after vic- 
tories by representatives Bart Gordon (DTN), the chair, and Ralph Hall (R-1%), the ranking minor- 
ity member. The chairs of the 12 House appropriations subcommittees, who together oversee all 
federal research budgets, were also reelected, as was Representative David Obey (D-Wi), the head 
of the full committee. The House retained its contingent of three Ph.D. physicists. Representatives 
Ver Ehlers (R-Ml) and Rush Holt (O-N}) won easily, and Representative Bill Foster (D-IL) par- 
layed a victory in a March special election intoa full 2-year term with help from hundreds of physi- 
cists at Fermi National Accelerator Laboratory in Batavia, Illinois, where Foster worked until 2006, 

In contrast, a more heavily Democratic Senate will see several new faces in leadership posi- 
tions. Senator Daniel Inouye (D-HI) will succeed the ailing Senator Robert Byrd (D-WV), who 
turns 91 next week, atop the full appropriations committee. His move frees up the chairmanship 
of the Commerce, Science, and Transportation Committee, which is expected to go to Senator Jay 
Rockefeller (D-WV). Senator Joe Lieberman (I-CT) could be ousted as chair of the Homeland Secu- 
rity and Government Affairs panel for his vigorous support of Republican John McCain, who 
femains in the Senate. In addition, Democratic governors in Illinois and Delaware will name 


replacements for Obama and Vice President-elect Joe Biden. 


Association of American Universities in New 
York City. “The point is hat none of the goals of 
the new Administration—on energy, on the 
economy, on climate change—can be realized 
without an increased investment in science.” 

With a federal deficit that could hit $1 tril- 
lion next year, however, such an investment is, 
a hard sell. “Mr, Obama has promised so 
many things, but they all cost money,” says 
Representative Vern Ehlers (R-MI), one of 
the most insistent voices for research and edu- 
cation in Congress. Still, Ehlers says that ade- 
quate funding for the COMPETES Act is his 
top priority, too. 

Obama's campaign promises included a 
pledge to give NASA $2 billion to cover the 
transition from the space shuttle to a new 
launcher. A new report from the Government 
Accountability Office identifies the shuttle 
transition as one of 13 critical issues facing the 
next Administration and Congress, and the loss 
of thousands of high-paying jobs in the elec~ 
torally important state of Florida is a political 
challenge as well. But it may not be clear until 
early spring, when Obama rolls out his 2010 
budget request, whether the money would be a 
‘one-time boost or spread out over several years, 


JEFFREY MERVIS 


said the agency requires between $2 billion 
and $3 billion more annually to retire the 
shuttle, build the new launcher, and keep sci- 
ence programs on track. Griffin, who told the 
panel that he doesn’t expect to be asked to 
stay on, said he hopes Obama and the new 
Congress will, nevertheless, stick with cur- 
rent plans for a new launcher and human mis- 
sions to the moon. Griffin also hopes that the 
new president won't let his budget officials 
block the program. Characteristically blunt, 
he also advised the president-elect to rethink 
his promise to reestablish an Aeronautics and 
Space Council within the White House, say- 
ing that an earlier version under President 
George H.W. Bush was ineffective because it 
lacked budgetary authority. 

With the election won, the high-profile 
group of scientists that funneled advice to the 
‘Obama campaign hasbeen disbanded. Some of 
its members, however, hope that his transition 
team may still be willing to listen to their 
thoughts on science-related appointments and 
issues, especially if packaged as proposed vehi- 
cles to help revive a badly slumping economy. 
Otherwise, scientists will have to be content 
joining the throng that's rooting for better times 


and how it would affect NASA's regular budget. ‘come Inauguration Day. 

Speaking last week toa National Research CONSTANCE HOLDEN, ANDREW LAWLER, 

Council panel reviewing civilian space pol- ELI KINTISCH, JEFFREY MERVIS, 

icy, NASA Administrator Michael Griffin AND ERIK STOKSTAD 
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Scientific lobbying. Primatologist Jane Goodall (left) and members of the Dr Hadwen Trust, here 
addressing the European Parliament, urged E.U. politicians to restrict animal experimentation. 


ANIMAL RESEARCH 


European Union Floats Tighter 
Animal-Research Rules 


European researchers have responded with a 
mixture of relief and anxiety to a long- 
waited proposal for new regulations on ani- 
mal research in the European Union (E.U.). 
Released last week by the European Commis- 
sion, the executive body of the E.U., the pro- 
posal” would ban the use of great apes in 
medical experiments, but it does not include a 
complete prohibition on all research on non- 
human primates, for which many animal- 
welfare groups had vigorously lobbied. The 
new proposal would, however, extend E.U. 
oversight for the first time to experiments 
involving certain invertebrates. 

Scientific organizations say some of the 
draft regulations threaten to slow research 
without providing clear benefits to animals. 
Andactivists on both sides of the debate have 
vowed to push for changes before the rules 
become final, a process that could take more 
than a year. “We still have concerns,” says 
Simon Festing of the Research Defence Soci- 
ety in London, which represents medical 
researchers and opposed the push for the full 
primate ban. 

The E.U. adopted its current animal- 
research regulations in 1986, and officials 
have been discussing an update since 2001. 
One of the most contentious issues has been 
experiments on nonhuman primates. Animal- 
welfare groups have been lobbying for a ban 

, oN the use of monkeys and great apes, and 

é last year the European Parliament passed a 

i nonbinding resolution calling for a gradual 

& 

5 

8 


phaseout of all experiments on nonhuman 


“ec.europa.eu/environment/chemicals/lab_animals! 
en.htm 
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primates, But the commission’s proposal 
calls only for an end to scientific “proce- 
dures” on great apes, with exceptions for 
behavioral studies, research that could pre- 
vent the extinction of the species, or in the 
case of outbreaks of human. pase. Because 
no medical research on great apes has taken 
place in the E.U. since 2002, many observers 
see the ban as a token move. The draft does 
include a proposal to phase out the use of any 
primates caught in the wild, eventually 
allowing research only with captive-bred 
animals, a shift that could raise the cost of 
primate experiments. 

The new directive sets out detailed 
requirements for ethical and scientific review 
of research involving animals, stressing the 
“3Rs” of reducing the number of animals 
used, refining techniques to lessen pain and 
discomfort, and replacing animal studies 
with alternatives. For the first time, the E.U. 
would require researchers to receive ethics 
‘committee approval for research on fetal non- 
human vertebrates in the final third of their 
development and on several groups of inver- 
tebrates, including lampreys, octopuses, 
squid, and decapod crustaceans such as crabs 
and lobsters, that have shown evidence of 
being able to experience pain and distress. 

Wolfgang Stein, a neuroscientist at the 
University of Ulm in Germany who works 
with crabs, says he is not yet sure what to 
make of the proposal. He studies inverte- 
brates in part because the moral questions are 
easier, he says; the animals don’t feel pain 


N OP 


China Looks Ahead 


BEIJING—China’s scientific community is 
accustomed to planning in 5-year or even 
15-year increments, Now, an elite panel of 
1100-odd scientists organized by the Chinese 
‘Academy of Sciences (CAS) is compiling a 
report on vital research directions over the next 
50 years. “in China, we sometimes don't know 
where we want to go. People like to be guided,” 
says panelist Gao Fu of CAS's Institute of Micro- 
biology here. Although it’s impossible to know 
which research areas will be hot in 2058, the 
report, expected to be finalized next month, 
will flag sure bets for long-term investment 
such as research on chronic diseases. 
RICHARD STONE 


Military Science, Reloaded 


The U.S. Department of Defense (00D) 
plans to award $80 million in grants this 
fiscal year to academic scientists as part of a 
new $400 million investment over 5 years in 
basic research. The 5-year grants will fund work 
in emerging areas such as countering weapons 
of mass destruction, network sciences, energy 
and power management, quantum information 
sciences, and bio-inspired systems, The Penta- 
‘gon’s $208 million increase for basic research 
in 2009 was a lone bright spot among science 
agencies, which otherwise saw their budgets, 
frozen through at least March 2009. DOD also 
hhopes to fund 40 additional researchers in the 
Presidential Early Career Award for Scientists 
‘and Engineers program, under which DOD cur- 
rently gives out a few dozen 3-to 5-year grants 
‘of $100,000 per year. 

(~YUDHIJIT BHATTACHARJEE 


This Jaguar's Built for Speed 


Oak Ridge National Laboratory's upgraded 
supercomputer, dubbed Jaguar, has broken 

the petaflops barrier. Jaguar's ability to perform 
11.3 quadriltion calculations per second leaves it 
second only to the Road Runner at Lawrence 
Livermore nuclear weapons lab in Californi 
and Jaguar's accessible to the entire scienti 
‘community. Oak Ridge astrophysicist Bronson 
‘Messer says the petascale machine will allow 
scientists to track up to 150 isotopes created 
during a supernova; current terascale comput- 
ers can follow only 13. “We should be able to 
go from getting a general picture of supernovas 
to being able to predict things,” he says. Now 
officials with the Department of Energy and the 
U.S. National Science Foundation hope to 
establish petascale machines at Oak Ridge and 


the way vertebrates do. “If you cuta leg off, | *Sewhere to serve more scientists. 
5 seconds later they don’t seem to mind that SLRS 
much. It doesn’t mean they don’t feel> 
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discomfort, but it is different” from what a 
vertebrate experiences, he says. Stein is open 
to some oversight, but he is wary of having to 
go through the same sort of review required 
of vertebrate experiments. “The species we 
work with is considered food” he says. “From 
what I can see, they have a better life in our 
tanks than in the supermarket.” 

Emily Melvor, policy director for the Dr 
Hadwen Trust in Hitchin, U.K., which lobbies 
for alternatives to animal research, says the pro- 
posal is a step in the right direction, although 
she says that she would have preferred to see a 


EVOLUTION 


complete ban on the use of primates. The com- 
mission’s attention to research into alternatives 
to primate use is “very inadequate,” she says. 

Scientific organizations, however, have 
expressed concern that the new levels of reg- 
ulation will add bureaucratic headaches for 
researchers without reducing animal suffer- 
ing. “We are in favor of good regulations,” 
says Festing. “But if you're spending all your 
time filling out paperwork, that doesn’t help 
the animals.” Still, he says, the draft is better 
than some expected based on early rumors 
that had emerged from Brussels. 


The fight is far from over. The commis- 
sion’s proposal still has to receive approval 
from the European Parliament and the Euro- 
pean Council of Ministers before becoming 
official E.U. policy. “We have more concerns 
about the Parliament” adding burdensome 
amendments, Festing says, noting that a num- 
ber of European politicians opposed to animal 
research have refused to meet with scientific 
organizations. “We have seen little evidence 
that [members of Parliament] are ensuring 
that they are informed on the science.” 
(~GRETCHEN VOGEL 


Vatican Science Conference Offers an Ambiguous Message 


Scientists who gathered at the Vatican last 
week for a closed-door conference” on evo- 
lutionary origins are giving the event mixed 
reviews, Those who hoped for a clear state- 
ment of support for evolution from the 
Catholic Church went home empty-handed. 
Others, expecting little, were happy with a 
détente between science and faith. But a few 
criticize what they heard from the Vatican's 
controversial point man on evolution, Aus- 
trian Cardinal Christoph Schénborn, “He 
believes there are gaps in evolu- 
tion and [that] God acts in those 
gaps,” says John Abelson, a 
molecular biologist at the Uni- 
versity of California, Davis, who 
gave atalk at the meeting. This is 
a “nearly 19th century” view, 
Abelson says, amounting to sup- 
port for the intelligent design 
movement. Pope Benedict XVI 
did not clarify his own ambigu- 
ous statements on evolution 

The meeting was organized 
by the Pontifical Academy of 
Sciences, an international group 
of scientists who advise the 
pope. Astrophysicist Stephen 
Hawking of the University of Cam- 
bridge in the U.K., Nobel Prize— 
winning biochemist Marshall Nirenberg, 
and others gave lectures on the origins of 
everything from galaxies in the early uni- 
verse to cellular life on Earth. It was like many 
scientific conferences except that the pope 
showed up to bless the proceedings, and the 
first talk, titled “The Reflections of Joseph 
Ratzinger Pope Benedict XVI on Evolu- 
tion,” was given by Schénborn, a theologian. 


“Scientific Insights into the Evolution of the Universe and 
of Life, Vatican City, 31 October-4 November 2008. 
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Schénborn first came to scientists’ atten- 
tion 3 years ago when he penned an editorial 
in The New York Times shortly after the new 
pope’s election that openly supported intelli- 
gent design (Science, 12 August 2005, 
p. 996). “Evolution in the sense of common 
ancestry might be true,” the Vienna arch- 
bishop wrote, “but evolution in the neo- 
Darwinian sense—an unguided, unplanned 
process of random variation and natural 
selection—is not.” 


Hands on. Pope Benedict with astrophysicist Stephen Hawking, one of several 
famous scientists who spoke at the Pontifical Academy of Sciences. 


Schénborn’s prepared talk at the confer- 
ence was not the source of controversy. “It 
was so very abstract,” says Gereon Wolters, 
a philosopher of science at the University of 
Konstanz, Germany. “It offered the standard 
view that evolution is okay” but that “evolu- 
tionism”—a term used by religious conser- 
vatives for the promotion of atheism through 
evolutionary biology—*is not.” Some scien- 
tists even saw signs of progress in the talk. “I 
was relieved to hear the cardinal clearly dis- 
tancing himself from intelligent design,” 


says Francis Collins, former director of the 
USS. National Human Genome Research 
Institute in Bethesda, Maryland, “referring 
to that “school” as having made mistake 
The sparks flew when the cardinal 
fielded questions. “He still expressed reser- 
vations about whether evolution can account 
for all aspects of biology,” says Collins, 
including whether Darwinian evolution can 
account for the generation of species. 
“It was preposterou: Abelson, who 
says that the meeting took 
“a step backwards” in the 
church’s relationship with sci- 
ence, Wolters was disappointed, 
too: “Schénborn has the same 
intention as the pope has—to 
fight evolutionism,” he says, but 
“he is just repeating this cre- 
ationist gibberish” used by US. 
proponents of intelligent design. 
Wolters adds: “Fighting science 
in this way isa losing game.” 
Other scientists at the meet- 
ing disagree. The cardinal’s 
doubts about evolution do not 
represent a conflict between the 
church and science, says Werner 
Arber, a geneticist at the Univer- 
sity of Basel, Switzerland, who 
co-organized the meeting. “Relations con- 
tinue to be good.” Schinborn gave “a con- 2 
fused lecture,” says Peter Raven, director of i 
the Missouri Botanical Garden in St. Louis 
and a member of the academy, but “the 
church's position on evolution, insofar as it 3 
can be said to have one, is unchanged. ... 3 
: 
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There is a belief in a creator who existed 
before the big bang and set the universe in 
motion, which is something that cannot be 
proved or disproved by science.” 

JOHN BOHANNON 
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Arteries at risk. In a massive 
study, people with high blood levels 
Of c-reactive protein benefite 
a cholesterol-lowering drug 


CARDIOVASCULAR HEALTH 


Statin Therapy Reduces Disease in 
Healthy Volunteers—But How, Exactly? 


The 17,800-person JUPITER trial, a major 
test of drug therapy to prevent heart disease, 
enjoyed a blitz of attention this week. Some 
experts—including the tria 
celebrated it as.a huge success in preventing 
cardiovascular disease and proving the 
value of e-reactive protein (CRP), an indi- 
cator of inflammation, as a risk marker for 
heart disease. Proponents hail the trial for 
carving out a new class of people who could 
benefit from cholesterol drugs but who now 
don’t get them because their cholesterol 
levels are normal 

The JUPITER trial comes with a host of 
caveats, however, muddying the picture of 
what we know and don’t know about inflam- 
mation’s role in cardiovascular disease. Most 
important, no one can say why the anti- 
cholesterol drug it tested, the potent statin 
Crestor, actually helped the participants, a 
of whom had elevated CRP levels 

Crestor had two effects in the nearly 
9000 people who took it (the rest received a 
placebo): It lowered CRP by 37%, and it low- 
ered LDL, or “bad,” cholesterol by 50%. 
Heart attacks and strokes in the treated group 
were roughly half those in the placebo cohort, 
and mortality was 20% lower. Most argue that 
the statin helped because it reduced normal 
LDL cholesterol to even lower levels. The 
more controversial theory is that the benefit 
came at least in part from the reduction of 
CRP levels. JUPITER—funded by Crestor’s 
manufacturer, AstraZeneca—was not designed 
to answer questions about CRP, but specula- 
tion has begun. 

Cardiologists have long debated whether 
CRP should be included in their arsenal of 
risk indicators, and despite its nuances, 
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JUPITER is likely to edge them in that diree- 
tion. Studies over the past decade have found 
that people with high CRP levels tend to s 
fer more heart attacks and strokes, but the pic- 
ture is murky because CRP is nonspecific 
high CRP levels are linked to any number of 
diseases, “It’s a marker for not being a healthy 
individual,” says Mark Pepys of University 
College London. Even so, could CRP levels 
help pick up people at risk of heart disease 
who are now flying under the radar? 

Yes, the authors of JUPITER say un- 
equivocally. “By focusing on inflammation, 
we seemed to hit the sweet spot” in identify- 
ing and helping at-risk patients who are oth- 
erwise missed, says Paul Ridker, a cardiolo- 
gist at Brigham and Women’s Hospital in 
Boston, who led the trial and holds a patent 
ona method for testing CRP. JUPITER’s 
results were reported online 9 November in 
The New England Journal of Medicine 
(NEJM) and presented the same day at the 
American Heart Association meeting in New 
Orleans, Louisiana. 

Many others are more circumspect. One 
reason for caution, says Eric Topol, a cardiol- 
ogist and director of the Scripps Transla- 
tional Science Institute in San Diego, Cali- 
fornia, is that JUPITER’s actual benefits are 
“a little hard to tease out.” He wonders: 
“Were they really treating high CRP, or were 
they treating a potpourri of other risk fac- 
tors” in people who also had high CRP lev- 
els? The study participants had normal cho- 
lesterol levels and were described as healthy 
volunteers, but most were also overweight, 
15% were smokers, and 40% had metabolic 
syndrome. All these qualities are known to 
boost CRP levels. That raises a related ques- 
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tion that has nothing to do with CRP, says 
cardiologist Benjamin Scirica of Bri 
and Women’s Hospital. Should patients who 
have normal cholesterol but some common 
risk factors, such as high blood pressure or 
obesity, be treated with statins to push their 
cholesterol to even lower levels? “I think 
[JUPITER] expands the thinking about risk 
s ca, who, like Topol, was 
not involved in the trial, 

But the fundamental question of whether 
high CRP levels actually cause disease—and 
whether JUPITER worked because it low- 
ered CRP—remains unresolved, More and 
more scientists are rejecting this argument, 
in part because of a genetics study published 
‘on 30 October in NEJM. In that work, a Dan- 
ish group analyzing DNA from more than 
50,000 people found that variations in the 
CRP gene don’t cause heart disease 
suggesting that although CRP blood levels 
correlate with disease, the protein is not 
causing it. Borge Nordestgaard, a genetic 
epidemiologist and physician at Copenhagen 
University Hospital who led the genetics 
study and participated in the JUPITER trial, 
believes that CRP is a consequence, not a 
cause, of atherosclerosis. He suggests that 
cholesterol penetrates the walls of arteries 
and that white blood cells swoop in to remove 
it, That creates inflammation and raises CRP. 
Thus, by this line of thinking, high CRP lev- 
els indicate atherosclerosis that might not 
have shown itself in symptoms, 

The genetics study has convinced some 
that “CRP doesn’t appear to be a driving 
force” in heart disease, says Topol, He and 
others who endorse this view suspect that the 
benefits of JUPITER are due to lowering 
LDL cholesterol. JUPITER recruited only 
people with relatively healthy LDL levels: 

on average, about 100. But “we know there's 
a straight line from LDL cholesterol to cardio- 
vascular risk,” no matter what the starting 
number, says Pepys, who has studied CRP for 
decades. LDL came down about 50% in 
JUPITER—a drop that is consistent with the 
54% reduction in heart attacks, Pepys says. 

Ridker, however, believes that genetics 
can explain only so much and that the best 
way to determine whether CRP causes dis- 
ease is by testing whether a drug that lowers 
it preserves health. Isis Pharmaceuticals in 
Carlsbad, California, is developing such a 
CRP inhibitor. CEO Stanley Crooke says, 
“The core question is less whether some- 
thing causes the disease but whether selec- 
tive reduction of that target reduces that 
disease.” The company has already begun 
testing its CRP inhibitor for safety in 
healthy volunteers. JENNIFER COUZIN 
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The Birth of Childhood 


Un 


e other apes, humans depend on their parents for a long period 


after weaning. But when—and why—did our long childhood evolve? 


Mel was just 3.5 years old when his mother 
died of pneumonia in 1987 in Tanzania. He 
had still been nursing and had no siblings, 
so his prospects were grim. He begged 
weakly for meat, and although adults gave 
him scraps, only a 12-year-old named 
Spindle shared his food regularly, protected 
him, and let him sleep with him at ni 
When Spindle took off for a 
month, another adolescent, Pax, 
came to Mel’s rescue, giving 


Online 


children from Kathmandu to Rio de Janeiro 
donot survive on their own unless they are at 
least 6. “There’s no society where children 
can feed themselves after weaning,” says 
anthropologist Kristen Hawkes of the Uni- 
versity of Utah in Salt Lake City. By con- 
himpanzees don’t have childhoods. 
re independent soon after weaning,” 
says anthropologist Barry Bogin 
of Loughborough University in 
Leicestershire, U.K. 


him fruit anda place to sleep Sclencemag.org Humans are also the only ani- 
until Spindle returned. Mel sur- FRY SE mee. 4. mals that stretch out the teenage 
vived to age 10 beginning ina podcast’. Years, having a final growth 

Fortunately for Mel, he was withauthor Ann Gibbons. spurt and delaying reproduction 


an orphan chimpanzee living in 
the Gombe Stream National Park rather 
than a small child living in the slums of a 
big city. With only sporadic care from older 
children, a 3-year-old human orphan would 
not have survived. 

Mel’s story illustrates the uniqueness of 
one facet of human life: Unlike our close 
cousins the chimpanzees, we have a pro- 
longed period of development after wean- 
ing, when children depend on their parents 
to feed them, until at least age 6 or 7. Street 
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until about 6 years after puberty. 
On average, women's first babies arrive at 
age 19, with a worldwide peak of first babies 
at age 22.5. This lengthy period of develop- 
ment—comprised of infancy, juvenile years, 
and adolescence—is a hallmark of the human 
condition; researchers have known since the 
1930s that we take twice as long as chim- 
panzees to reach adulthood. Even though we 
are only a bit bigger than chimpanzees, we 
mature and reproduce a decade later and live 
2.to 3 decades longer, says Bogin. 
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Given that we are unique among mam- 
. researchers have been probing how 
this pattern of growth evolved. They have 
long scrutinized the few, fragile skulls and 
skeletons of ancient children and have now 
developed an arsenal of tools to better 
gauge how childhood has changed over the 
st 3 million years. Researchers are 
anning skulls and teeth of every known 
juvenile with electron microscopes, 
micro—computed tomography scans, or 
powerful synchrotron x-rays and applying 
state-of-the-art methods to create three- 
dimensional virtual reconstructions of the 
and the pelvises of mothers. 
They re analyzing life histories in traditional 
cultures to help understand the advantages 
of the human condition. In addition, some 
new fossils are appearing. On page 1089 of 
this issue, researchers report the first nearly 
complete pelvis of a female Homo erectus, 
which offers clues to the prenatal growth of 
this key human species. 

Alll of this is creating some surprises 
One direct human ancestor, whose skeleton 
looks much like our own, turns out to have 
grown up much faster than we do. The life 
histories of our closest evolutionary 
cousins, the Neandertals, remain controver- 
sial, but some researchers suspect that they 
may have had the longest childhoods of all. 
The new lines of evidence are helping 
researchers close in on the time when child- 
hood began to lengthen. “Evidence suggests 
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Changing face of childhood. Childhood has more 
than doubled in length in modern humans as com- 
pared to chimpanzees and the Dikika baby australop- 
ithecine (econstructed in lower left. Delaying child- 
allows for bigger, stronger mothers who can give 
irth more frequently, as seen for example in tradi- 
tional hunter-gatherer societies (upper right). 


that much of what makes our life history 
unique took shape during the evolution of 
the genus Homo and not before,” says 
anthropologist Holly Smith of the Univer- 
sity of Michigan, Ann Arbor. 


Live fast, die young 
Back in 1925, Australian anatomist Raymond 
Dart announced the discovery of that rarest of 
rare specimens, the skull of an early hominin 
child. Dart estimated that the australop- 
ithecine he called the Taung baby had been 
about 6 years old when it died about 2 million 
years ago, because its first permanent molar 
had erupted. As modern parents know, the 
first ofthe baby teeth fall out and the first per- 
manent molars appear at about age 6. Dart 
assumed that early hominins—the group 
made up of humans and our ancestors but not 
other apes—matured on much the same 
schedule as we do, an assumption held for 
60 years. Growing up slowly was seen as 
defining character of the human lineage. 

Then in 1984, anatomists Christopher 
Dean and Timothy Bromage tested a new 
method to calculate the chronological ay 
of fossil children in a lab at University C 
lege London (UCL). Just as botanists add up 
tree rings to calculate the age of a tree, they 
counted microscopic lines on the surface of 

4 teeth that are laid down weekly as humans 

§ grow. The pair counted the lines on teeth of 
australopithecine children about as mature 
as the Taung child and were confounded: 
These hominin children were only about 
3.5 years old rather than 6, They seemed to 

§ be closer to the chimpanzee pattern, in 

B which the first permanent molar erupts at 

about age 3.5. “We concluded that [the at 

tralopithecines) were more like living great 
apes in their pace of development than mod- 

‘ern humans,” says Dean. 

Their report in Nature in 1985 shook the 
field and focused researchers on the key 
questions of when and why our ancestors 
adopted the risky strategy of delaying repro- 
duction. Many other slow-growing, large- 
bodied animals, such as rhinos, elephants, 
and chimpanzees, are now threatened with 
extinction, in part because they delay repro- 
duction so long that their offspring risk dying 
before they replace themselves. Humans are 
the latest to begin reproducing, yet we seem 
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Female age at 


first breeding 
i Age at (years) Average 
Childhood ‘Age at eruption of (estimated by maximum 
Stages weaning first molar 3rd molar eruption life span 
(years) (years) in fossils) (years) 
Chimpanzees, Pan troglodytes 4.0 4.0 115 45 
Lucy, Australopithecus afarensis 4. 4.02 115 45 
Homo erectus ? 45 14.5 (est.) 602 (est.) 
Modem humans, Homo sapiens 2.5 6.0 19.3 70 


Milestones. Key events show that modern humans live slower and die later than our ancestors did. 


immune from those risks, given that there are 
6.6 billion of us on the planet. “When did we 
escape those constraints? When did we 
extend our childhood?” asks biological 
anthropologist Steven Leigh of the University 
of Illinois, Urbana-Champaign. 

‘The Taung baby and the other australop- 
ithecine children, including the relatively 
recent discovery of a stunning fossil of a 
3-year-old Australopithecus afarensis girl 
from Dikika, Ethiopia, show that it happened 
after the australopithecines. So researchers 
have zeroed in on early Homo, which 
appeared in Africa about 2 million years ago. 

Unfortunately, there are only a few jaw 


Big for his age. The 8-year-old Turkana Boy, recon- 
structed here, grew up faster than modem humans do. 


bits of early Homo infants and young chil- 
dren to nail down their ages. Most of what 
we know comes from a single skeleton, a 
H. erectus boy who died about 1.6 million 
years ago near Lake Turkana, Kenya. 
H. erectus wasamong the first human ances- 
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tors to share many key elements of the mod- 
ern human body plan, with a brain consider- 
ably larger than that ofearlier hominins. And 
unlike the petite australopithecines, this 
Turkana youth was big: He weighed 50 kilo- 
grams, stood 163 centimeters tall, and 
looked like he was 13 years old, based on 
modern human standards. Yet two independ- 
ent tooth studies suggested ages from 8 or 
9 to 10.5 years old. 

Now a fresh look at the skeleton con- 
cludes that, despite the boy’s size, he was 
closer to 8 years old when he died. Dean and 
Smith make this case ina paper in press in an 
edited volume, The First Humans: Origin of 
the Genus Homo. The skeleton and tooth 
microstructure of the boy and new data on 
‘other members of his species suggest that he 
attained more of his adult height and ma: 
earlier than modern human children do. 
Today, “you won't find an 8-year-old boy 
with body weight, height, and skeletal age 
that are so much older,” says Dean. 

He and Smith concluded that the boy did 
not experience a “long, slow period of 
growth” after he was weaned but grew up ear- 
lier, more like a chimpanzee. They estimate 
the species” age at first reproduction at about 
14.5, based on the eruption of its third molar, 
which in both humans and chimpanzees 
erupts at about the age they first reproduce. 
This 8-year-old Turkana Boy was probably 
more independent than a 13-year-old modern 
human, the researchers say, suggesting that 
H. erectus families were quite different from 
‘ours and did not stay together as long, 

The new, remarkably complete female 
pelvis described in this issue, however, sug- 
gests that life history changes had begun in 
H. erectus. Researchers led by Sileshi 
Semaw of the Stone Age Institute at Indiana 
University, Bloomington, found the pelvis in 
the badlands of Gona, Ethiopia, They present 
a chain of inference that leads from pelvis, to 
brain size, to life history strategy. 

They assume that the nearly complete 
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pelvis belongs to H. erectus, because other 
H. erectus fossils were found nearby and 
because it resembles fragmentary pelvises 
for the species. Lead author Scott Simpson 
of Case Western Reserve University in 
Cleveland, Ohio, paints a vivid picture of a 
short female with wide hips and an “obstet- 
rically capacious” pelvic opening that could 
have birthed babies with brain sizes of up to 
315 milliliters. That's 30% to 50% of the 
adult brain size for this species and larger 
than previously predicted based on a recon- 
struction of the Turkana Boy's incomplete 
pelvis. However, the new estimate does 
match with newborn brain size predicted by 
the size of adult brains in H. erectus, says 
Jeremy DeSilva of Worcester State College 
in Massachusetts, who made such calcula- 
tions online in September in the Journal of 
Human Evolution. 

The wide pelvis suggests H. erectus got a 
head start on its brain development, putting 
‘onextra gray matter in utero rather than later 
in childhood. That’s similar to living people, 
whose brains grow rapidly before birth, says 
Simpson, But if H, erectus’s fetal growth 
approached that of modern humans, it built 
proportionately more of its brain before 
birth, because its brain never became as 
massive as our own, 

Thus, H. erectus grew its brain before birth 
like a modern human, while during childhood 
it grew up faster like an ape, With a brain 
developing early, H. erectus toddlers may 
have spent less time as helpless children than 
modern humans do, says paleoanthropologist 
Alan Walker of Pennsylvania State University 
in State College. This suggests H. erectus chil- 
dren were neither chimplike nor humanlike 
but perhaps somewhere in between: “Early 
H. erectus possessed a life history unlike any 
species living today.” write Dean and Smith. 


“Ifyou lookat its morphol- 
ogy, it fits in our genus, 
Homo; says Smith. “But 
in terms of life history, 
they fit with australop- 
ithecines.” 


Live slow, die old? 

If H. erectus was just 
beginning to slow down 
its life history, when did 
humans take the last 
steps, to our current late~ 
maturing life plan? Three 
juvenile fossil members 
of H. antecessor, who 
died 800,000 years ago in 
Atapuerca, Spain, offer 
tantalizing clues. An ini- 
tial study in 1999, based 
on rough estimates of 
tooth eruption, found that 
this species matured like a 
modern human, says José 
Maria Bermiidez de Castro 
of the Museo Nacional de 
Ciencias Naturales in 
Madrid. Detailed studies 
of tooth microstructure 
are eagerly awaited to 
confirm this. 

In the meantime, another recent study has 
shown that childhood was fully extended by 
the time the first members of our species, 
H. sapiens, appeared in northern Africa about 
200,000 years ago. In 2007, researchers 
examined the daily, internal tooth lines of a 
H. sapiens child who lived 160,000 years ago 
in Jebel Irhoud, Morocco. They used x-rays 
froma powerful particle accelerator in Greno- 
ble, France (Science, 7 December 2007, 
p. 1546), to study the teeth without destroying 


Modern Human 


we 


~ ~ 
- 
Ancient hipsters. A fossil female pelvis 
from Homo erectus (middle) shows that 
the species could birth babies with bigger 


heads than Lucy's species (top) but 
smaller than a modern human's. 
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them and found that the 
8-year-old Jebel Irhoud 
child had grown as slowly 
as a modern 8-year-old, 
according to Harvard Uni- 
versity paleoanthropolo- 
gist Tanya Smith, who co- 
led the study. 

That analysis nar- 
rowed the window of time 
when humans evolved the 
last extension of our 
childhood to between 
800,000 years ago and 
200,000 years ago. To 
constrain it still further, 
Tanya Smith and her col- 
leagues recently trained 
their x-ray vision on our 
) closest relatives: the ex- 

tinct Neandertals, who 
shared their last ancestor 
with us about 500,000 
years ago. First, the re- 
searchers sliced a molar 
of a Belgian Neandertal 
that was at the same stage 
of dental development as 
the 8-year-old Jebel 
Irhoud child and counted 
its internal growth lines, 
‘They found that it had reached the same den- 
tal milestones more rapidly and proposed 
that Neandertals grew up faster than we do, 
That suggests that a fully extended child- 
hood evolved only in our species, in the past 
200,000 years. 

But Tanya Smith’s results conflict with 
earlier studies by Dean and colleagues who 
also sliced Neandertal teeth and found that 
they had formed slowly, like those of mod- 
ern humans. The case is not closed: Smith 
and paleontologist Paul Tafforeau of the 
European Synchrotron Radiation Facility in 
Grenoble, France, spent weeks last year 
imaging juvenile Neandertals and early 
members of H. sapiens, and they expect to 
publish within a year. 

Meanwhile, new data with implications 
for Neandertal growth rates are coming in 
from other sources. The brain sizes of a 
Neandertal newborn and two infants show 
that they were at the upper end of the size 
range for modern humans, suggesting that 
their brains grew faster than ours after birth, 
according to virtual reconstructions by 
Christoph Zollikofer and anthropologist 
Marcia Ponce de Leén of the University of 
Zurich (Science, 12 September, p. 1429). 

Those rapidly growing brains don’t nec- 
essarily imply a rapid life history, warn 
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Zollikofer and Ponce de Leén. They argue 
that because Neandertals’ brains were more 
massive, they did not complete brain 
growth earlier than modern humans even 
though they grew at a faster rate. “They 
have to get those bigger brains someho 
says Holly Smith. For now, Neandertals’ 
life history remains controversial. 


Why wait? 
If childhood began to change in 
H, erectus and continued to get 
longer in our own species and 
possibly Neandertals, then the 
next question is why. What 
advantage did our ancestors gain 
from delaying reproduction so 
long? Many researchers agree 
that childhood allows us to learn 
from others, in order to improve 
our survival skills and prepare us 
to be better parents. Historically, 
researchers have also argued that 
humans need a long childhood to 
allow enough time for our larger 
brain to mature. 

But in fact, a big brain doesn’t 
directly cause the extension of 
childhood, because the brain is 
built relatively early. “Everyone 
speaks about slow human devel- 
opment, but the human brain 
develops very fast,” says Zol- 
likofer, It doubles in size in the 
first year of life and achieves 95% 
of its adult size by the age of 5 
(although white matter grows at 
least to age 18), “We get our brains done; 
then, we sit around for much longer than 
other species before we reproduce,” says 
Leigh. most 
the outside, getting the scaffolding of the 
house up early, and then filling in after tha 

However, there's a less direct connection 
between brains and life history: Big brains 
are so metabolically expensive that pri- 
mates must postpone the age of reproduc- 
tion in order to build them, according to a 
2 paper last year in the Journal of Human 
8 Evolution (Science, 15 June 2007, p. 1560). 
8 “The high metabolic costs of rapid brain 

growth require delayed maturation so that 
mothers can bear the metabolic burdens 
associated with high brain growth,” says 
Leigh. “Fast brain growth tells us that matu- 
ration is late.” 

That’s why Ponce de Leén and Zollikofer 
think that the Neandertals” rapid brain 
growth implies late, rather than early, matu- 
ration: Neandertal mothers must have been 
large and strong—and by implication, rela- 
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tively old—to support infants with such big, 
fast-growing brains. Indeed, say the Zurich 
pair, Neandertals may have had even longer 
childhoods than we do now. Childhood, like 
brain size, may have reached its zenith in 
Neandertals and early H. sapiens. As our 
brains got smaller over the past 50,000 
years, we might have begun reproducing 
Slightly earlier than Neandertals. 


To explore such questions, recent inter- 
disciplinary studies are teasing out the 
reproductive advantages of waiting to 
become parents, Many analyses cite an 
influential life history model by evolution- 
ary biologist Eric Charnov of the University 
of New Mexico, Albuquerque. The model 
shows that it pays to have babies early if par- 
ents face a high risk of death. Conversely, 
mammals that face a lower risk of dying 
benefit if they wait to reproduce, because 
older mothers can grow bigger, stronger 
bodies that grow bigger babies, who are 
more likely to survive. “The driving force of 
a prolonged life history schedule is almost 
certainly a reduction in mortality rates that 
allows growth and life span to extend and 
allows for reproduction to extend further 
into adulthood in a more spread-out man- 
ner,” says Dean. 

Researchers such as Loughborough’s 
Bogin have applied Charnov’s model to mod- 
em humans, proposing that delaying repro- 
duction creates higher quality human moth- 
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Tooth time. Tanya 
Smith uses a synchro- 
tron accelerator to 
xray fossil 
(above); molar erup- 
tion helps age other 
specimens such as 
Turkana Boy (left). 
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ers, Indeed, humans start having babies 
8 years later than chimpanzees, and both 
species stop by about age 45 to 50. But once 
human mothers begin, they more than make 
up for their delayed start, pushing out babies 
on average 3.4 years apart in traditional for- 
ager societies without birth control, com- 
pared with 5.9 years for wild chimpanzees, 
says Bogin. This rapid-fire reproduction pro- 
duces more babies for human 
hunter-gatherers, who have peak 
fertility rates of 0.31 babies per 
given year compared with 0.22 
for chimpanzees, And human 
mothers who start even later than 
age 19 have more surviving 
babies, Forexample, in the 1950s, 
the Anabaptist Hutterites of 
North America, who eschewed 
birth control, had their first 
babies on average at age 22 and 
then bore children every 2 years. 
They produced an amazing nine 
children per mother, says Bogin, 
who has studied the group. 

Such fecundity, however, 
requires a village or at least an 
extended family with fathers and 
grandmothers around to help pro- 
vision and care for the young, 
‘That's something that other pri- 
‘mates cannot provide consistently, 
if at all, says Hawkes (Science, 
25 April 1997, p. $35). She pro- 
posed that grandmothers’ pro 
sioning allows mothers to wean 
early and have babies more 
closely together, a vivid example of the way 
humans use social connections to overcome 
biological constraints—and allow mothers to 
have more babies than they could raise on 
their own. “Late maturation works well for 
humans because culture lets us escape the 
constraints other primates have," says Leigh. 

The key isto find out when our ancestors 
were weaned, says Holly Smith. Younger 
weaning implies that mothers had enough 
social support to feed weaned children and 
space babies more closely. “Weaning tells 
us when Homo species start stacking their 
young,” says Smith, Indeed, Dean and 
Louise Humphrey of the Natural History 
Museum in London are testing a method 
that detects the chemical signature of wean- 
ing in human teeth. Humans may be slow 
starters, but our social safety net has 
allowed us to stack our babies closely 
together—and so win the reproductive 
sweepstakes, leaving chimpanzees, and the 
extinct Neandertals, far behind. 

~ANN GIBBONS 
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RENEWABLE ENERGY 


Minnesota Ecologist Pushes 


Prairie Biofuels 


David Tilman wants to mix Ttup by growing native grasses for energy. 


Many agronomists disagree 


EAST BETHEL, MINNESOTA—Over the past 
3 decades, David Tilman has set up thou- 
sands of field experiments here, 70 km out- 
side of Minneapolis, probing some of the 
most fundamental questions about prairie 
ecosystems. So, the University of Minnesota 
(UM), Twin Cities, ecologist never imagined 
hed undertake the considerably more practi~ 
cal task of developing new climate-friendly 
crops for biofuvels—that is, until 2005, when 
he realized he'd done it inadvertently, as part 
of a long-term ecological study at Cedar 
k Ecosystem Science Reserve. 

On one I1-m-x-1 1-m square plot was a 
healthy stand of switchgrass, an abundantly 
growing perennial that the U.S. government 
is promoting as an alternative to corn as a 
feedstock for ethanol. Nearby was a plot of 
switchgrass mixed with 15 native perennial 
grasses that tend to grow less verdantly each 
year. Neither plot received irrigation or fer- 
tilizer. Yet, when Tilman and colleagues 
analyzed 12 years’ worth of data, the mixed 
plots delivered more than twice the yearly 
biomass per hectare—suggesting a poten- 
tially much more efficient biofuel source 
with a much smaller “carbon footprint.” 
“We expected higher productivity—maybe 
50%, But nothing like the 238% we now 
see,” said Tilman during a recent walk 
through his 121 hectares of field sites. 

To Tilman, the findings suggest that for 
producing biofuel feedstocks, the mixtures 
are “more stable than monoculture, more 
reliable than monoculture, and more pro- 
ductive than monoculture”—and more envi- 
ronmentally friendly. Because different 
species occupy different ecosystem niches 
and perform different functions— 


adding nutrients to the soil or res 
drought—mixtures of prairie grasses ¢: 
thrive on marginal lands without energy- 
intensive inputs such as fertilizer and irriga- 
tion. In addition, they can boost biodiversity 
and replenish depleted soils. “This is bigger 
than just biofuels,” Tilman says. 

Tilman’s proposal to grow the mixtures 
as ethanol feedstocks, published in the 
8 December 2006 issue of Science (p. 1598), 
won plaudits from top ecologists and inspired 
the U.S. Congress to include prairie biofuels 
ina $100 million national biomass-planting 
program. The Minnesota legislature kicked in 
roughly $3 million for state studies of prairie 
grasses. But Tilman’s idea drew a firestorm of 
criticism from gronomists, who said it 
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Minnesota 


Plots thickened. Scientists are examining the 
potential for biofuels of various prairie grass 
combinations. 


overstated the potential climate benefits, 
They charged that Tilman’s methodology 
exaggerated the productivity of mixed 
grasses and underestimated the expense and 
difficulty of scaling up test plots to commer- 
cial size. “Most people don’t believe [his 
idea] could be practical,” says agronomist 
and geneticist Stephen Moose of the Univer- 
of Illinois, Urbana-Champaign. 

The upbeat, fast-talking ecologist con- 
cedes that several questions must be 
answered before his strategy goes prime 
time. “I’m not one to believe we've found the 
be-all and end-all of biofuel 
But he thinks it is worth a try, And so doa 
handful of ecologists and agronomists in 
seven Midwestern states; like Tilman, they 
are starting larger trials to test his concept 
under different conditions. 


Amixed bag 
Tilman’s proposal contrasts sharply with the 
recent thrust of biofuels research, Today, U.S. 
farmers produce some 29 billion liters of 
ethanol a year from corn, But corn-based 
ethanol is no longer seen as a relatively 
cheap, environmentally friendly alternative 
to petroleum-based fuels. Experts say it's too 
arbon-intensive. Fertilizing, harvesting, and 
refining corn into fuel takes a lot of energy, 
and the sugar-conversion process wastes 
most of the plant's biomass, primarily cellu 
lose. Using prime farmland to grow biofuels 
not only contributes to rising global food 
prices but also leads indirectly to cutting 
down trees for farmland overseas—and that, 
in turn, releases more carbon, 

In search of a substitute for com ethanol, 
President George W. Bush launched a 
$150 million, two-pronged federal research 
program in 2006 to identify cellulose feed- 
stocks for biofuels, such a hgras 
well as the enzymatic and microbial methods 
to convert plant cellulose into fuels, an 
equally daunting challenge. Last year, the 
USS. Congress passed a law requiring refiners 
to produce an estimated 61 billion liters of 
cellulosic biofuels by 2022. 

In terms of potential new feedstocks, the 
part of the challenge on which Tilman is 
working, the U.S. departments of Energy 
and Agriculture have focused so far on 
switchgrass, waste-plant material from 
farms, poplar trees, and a tall European 
perennial grass called Miscanthus. Their 
emphasis has been to grow these crops as 
monocultures on large plots of prime farm- 
Jand, using conventional high-input agricul- 
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tural techniques. Tilman, by contrast, advo- 
cates growing biofuel stocks with minimal 
or no fertilizer on some of the nation’s more 
than 5 million hectares of marginal soils— 
farmland with nutrient-depleted soils, worn- 
‘out hayfields, or on the edges of streams or 
highways, “using mixtures of plants which 
will grow there anyway,” says ecologist 
Clarence Lehman, a research partner of 
Tilman’s at UM. 

The soils on Tilman’s experimental plots, 
are about as marginal as they come in the 
Midwest. They were too sandy for general 
farming to begin with, and then, in 1993, 
Tilman and his colleagues scooped off the top 
15 centimeters of soil to ensure that each plot 
had roughly the same depleted levels of nutri- 
ents such as nitrogen and 
phosphorus. They meas- 
ured the output of hun- 
dreds of mixed-species 
plots, publishing a string of 
high-profile papers that 
demonstrate the stability 
and productivity of bio- 
diverse ecosystems. 

Although Tilman didn’t 
realize it at the time, he 


was also creating an ideal fener nese 
laboratory to test potential and sunight 


feedstock crops for bio- 
fuels that could grow on 
the world’s 700 million 
hectares of degraded land, 
‘These days, that lab is 
abuzz with activity. Since 2006, the 
researchers have expanded the fieldwork to 
examine the agricultural and environmental 
implications of growing prairies for biofuels. 
They maintain test plots planted in various 
monocultures of prairie species, six-species 
mixtures, and 60-species mixtures. As Tilman 
reported in 2006, the mixed prairie grass plots 
produced the equivalent of 1500 liters of 
ethanol per hectare in net energy yield as 
opposed to 620 liters from switchgrass. (The 
net energy yield reflects the total amount of 
fuel produced minus the energy used to pro- 
duce it, including energy required to make 
fertilizer and to run farm equipment.) 

To gauge productivity, Tilman’s team 
measures aboveground growth from sam- 
ples cropped close to the ground. Obtaining 
accurate data requires a platoon of several 
dozen summer students, who spend hours a 
day sifting through thousands of kilograms 
of dried soil, leafS, and twigs to separate bits 
of each species for weighing. Others obtain 
underground biomass samples at various 
depths. “It’s not easy,” laughed Andrew 


biodiverse prairies. 


Chua, a University of California, San Diego, 
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undergraduate, who had removed his shirt as 
he pounded a steel probe through dry soil 
one afternoon in late August. The elbow 
grease will pay off in the winter, says 
Tilman, when full results from this fall’s har- 
vest will be available. 


A question of benefits 
But Tilman has a long way to go to convince 
mainstream agronomists. His critics say that 
his experiments inflate biomass yields, sug- 
gesting that prairie grass biofuels would be 
more carbon efficient than they actually are. 
And critics see big expenses to boot. 

To maintain the correct mixture of 
species, Tilman’s team hand-weeds the plots 
each year. Each autumn, they remove bio- 


We are family. These four plants are representative of the dozens of species that make up naturally 


mass for measurement from small sections 
of certain plots, which are burned in the 
spring. But burning may be giving the 
grasses an artificial advantage, allowing 
nutrients such as phosphorus and potassium 
to be incorporated back into the soil, says 
agronomist Kenneth Cassman of the Uni- 
versity of Nebraska, Lincoln (UNL). A 
farmer seeking to sell biomass to an ethanol 
refinery, in contrast, would harvest the 
entire crop each year, removing the nutrients 
with a resultant decline in overall productiv- 
ity, he contends. Tilman concedes that his 
test plots may be benefiting from conserved 
nutrients, although he notes that the amount 
of inputs required are nonetheless minimal. 
Leading switchgrass proponent Kenneth 
Vogel of UNL and the U.S. Department of 
Agriculture takes aim at the most salient 
finding of Tilman’s 2006 work: that mixed 
grasses were more than twice as productive 
‘as switchgrass per hectare without inputs for 
either. Mixed species may have won out in 
Tilman’s small plots, says Vogel, and water- 
ing and fertilizing switchgrass fields may 
require more energy. But with inputs, 
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switchgrass monocultures have a higher net 
energy yield, he asserts. In work published 
this year in the Proceedings of the National 
Academy of Sciences, he showed that tests of 
switchgrass on full-scale plots on 10 Mid- 
western farms, treated with the standard 60 
to 100 kg per hectare of nitrogen fertilizer 
each year, delivered net energy yields of 
between 2250 and 3300 liters of ethanol per 
hectare—more than twice the net benefit 
Tilman’s mixtures provided. 

Tilman is quick to point out that Vogel's 
soils were mostly richer than his, providing an 
inherent advantage, although he acknowl- 
edges that switchgrass could potentially offer 
net benefits. Large head-to-head experiments 
using the same soil are now under way to set- 
tle the question, with 
results expected next year. 
Vogel's team has grown 
mixed-species plots in 
recent years, and Tilman 
is comparing watered and 
fertilized plots of switch- 
‘grass with his mixtures, 

Prairie grass mixtures 
will be expensive ini- 
tially for farmers, Tilman 
acknowledges: The seeds 
can cost between two and 
10 times more per kilo- 
gram than switchgrass. 
But he expects costs to 
fall as demand increases, 
and he hopes other envi- 
ronmental advantages will give mixtures 
a fair shot. 

To pin down the biodiversity benefits of 
managed prairies, the state of Minnesota is 
supporting research on roughly 800 hectares 
of marginal lands across six sites to compare 
the effects of different harvesting techniques 
‘on game birds, insects, and other wildlife. 
Lehman is studying whether the grasses” 
root systems might take up excess chemicals 
that leach in from nearby agricultural fields. 
The U.S. Geological Survey is funding 
experiments using chemical tracers on sev- 
eral of Tilman’s test plots to measure the 
uptake of nitrogen, endocrine disrupters, 
and antibiotics, 

Although many agronomists remain 
skeptical, the overall environmental advan- 
tages of prairie grass biofuels have inspired 
some to test Tilman’s approach. When the 
2006 paper appeared, “people were saying 
this ecologist is doing a lot of talking but he 
doesn’t have the data behind it,” says UM 
agronomist Craig Sheaffer. But now he’s 
setting up large-scale field trials of the mix- 
tures himself. ELI KINTISCH 
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A Bunch of Trouble 


The banana is endangered and largely ignored by funding agencies, researchers, and 
breeders. But things might finally be going its way 


2001 was supposed to be the year ofthe banana. 
‘That summer, handful of researchers gathered 
ina small room at the U.S. National Science 
Foundation (NSF) in Arlington, Virginia, to 
form a consortium to sequence the fruit. 
Scientists had just deciphered the genome of 
Arabidopsis, with the rice genome close 
behind, and the banana community desperately 
wanted to be next. A new strain of soil fungus 
was threatening the commercial banana, and 
the community was convinced that a genome 
project could provide the genetic tools needed 
to save the crop. “The time was ripe,” says 
Emile Frison, then head of the consortium. He 
predicted that within 5 years—a time period 
that would see the launch of major efforts to 
sequence corn, sorghum, and even green 
‘algae—banana buffs would have their genome. 

Today, they're still waiting. 

That's quite an indignity for one of the 
world’s most popular fruits. Americans con- 
sume as many kilograms of bananas as 
apples and oranges combined, and in many 
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African countries, bananas make up nearly 
half of all calories consumed. What's more, 
the banana most of us are familiar with—the 
Cavendish (Musa acuminata)—is in danger 
of disappearing. The soil fungus Frison fret- 
ted about in 2001 causes a nasty blight 
known as Panama disease that has devastated 
crops in Malaysia, the Philippines, and 
China. If the disease makes its way to Latin 
America, it could wipe out the Cavendish in 
less than 10 years. African bananas, too, have 
begun to disappear, victims of globalization 
and unsustainable farming practices. 

Yet the banana continues to sit on the shelf” 
while other crops benefit from research dollars 
and attention. Some blame the United States 
for failing to support the fruit as it has other 
major food crops. Others blame the banana 
community for being too fragmented to unite 
behind a single project. And still others blame 
the banana itself, for a bizarre biology that 
frustrates breeders and researchers alike. 

At last, however, banana researchers may 


have found a benefactor: A French research 
agency will announce funding for the long- 
awaited genome project next week. The com- 
munity just hopes it’s not too late. “If the 
Cavendish is wiped out, there’s nothing to 
replace it,” says Nicolas Roux, Frison’s sue- 
cessor as coordinator of the Global Musa 
Genomics Consortium. “We're sitting on a 
time bomb.” 


Acrop in crisis 

Juan Femando Aguilar Moran has been trying 
to defuse that bomb for 7 years, not through 
sequencing but through breeding. As the chief 
breederat the Honduran Agricultural Research 
Foundation (FHIA) in San Pedro Sula, the 
world’s largest banana and plantain breeding 
center, Aguilar Moran is hoping to produce a 
variety that’s hardier than the Cavendish, But 
the banana’ not making it easy. 

Unlike rice, wheat, and corn—the three 
crops that are eaten in larger quantities than 
the banana—most bananas are completely 
sterile. Unusual breeding in the Cavendish’s 
past, for example, has led to a plant with three 
sets of chromosomes that has no seeds, no 
pollen, and no sex life. Farmers must hack off 
a piece of the plant and coax it into putting 
down roots, meaning a Cavendish eaten in 
Iowa today is genetically identical to one con- 
sumed in Ireland 30 years ago. 

Faced with such a prudish plant, breeders 
like Aguilar Moran must instead turn to its 
wild relatives to create new varieties, and they, 
t00, produce few viable seeds, Adding to the 
hassle, the plants grow at about one-fifth of 
the pace of rice, wheat, and corn, so experi~ 
ments take years to complete. That may 
explain why there are only five breeding pro- 
grams in the world dedicated to the banana 
versus hundreds for those other crops. “It's a 
lot of work,” says Aguilar Moran, 

So why does he persist? Two words: Gros 
Michel. The Cavendish’s predecessor, “Big 
Mike,” used to be the developed world's banana 
of choice. But an early incarnation of Panama 
disease known as Race 1 decimated the fruit— 
and nearly took the banana industry with it—in 
the mid-1900s. The Cavendish—a lucky, last- 
minute find originally from China—was resist- 
ant, but Aguilar Moran says its days are num- 
bered. The new form of Panama disease that has 
invaded Asia, known as Race 4, takes no pity on 
the Cavendish, Because every plant is geneti- 
cally identical, they're all equally susceptible to 
the same diseases. Once Race 4 hits the banana 
heartland in Latin America, says Aguilar 
Moran, it's game over for our favorite fruit. 

Another dark shadow is black sigatoka, a 
fungus that turns banana leaves black and 
blocks photosynthesis. Over the 50 years the 


ro 
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pathogen has been on the scene, fungicides 
have become increasingly ineffective against it 
“In Central America, we need to spray once a 
week,” says Aguilar Moran. 

Black sigatoka is on the march in Africa, 
too, butit’s just one of many threats to that con- 
tinent’s bananas, Frison, now the director gen- 
eral of Bioversity International, a nonprofit 
that coordinates research into improving the 
lot of bananas and other crops, says that in 
Eastern Africa, farmers have been growing 
bananas on the same plots for 100 years, which 
has led to a decline in soil fertility. “They can’t 
‘grow bananas anymore,” he says, 

Banana biodiversity is also suffering: Due 
to globalization, African farmers in-creasingly 
‘grow only the varieties they can sell at the mar- 
ket, says Frison, Whereas the average farmer 
used to cultivate a dozen varieties, now he only 
grows four or five. Without human-assisted 
propagation, the rest ofthe varieties disappear. 
‘That means less raw 
material for breeders 
like Aguilar Moran, 


The forgotten fruit 
Of course, diseases 
and loss of biodiversity 
plague many of the 
world’s other major 
food crops. But they 
have one distinct advan- 
tage over the banana: 
People care about them. The 
United States, China, and other 
countries have spent far more on 
tice, corn, and wheat than they 
have on bananas. In 2008, for 
example, the U.S. Agency for 
International Development funded 
about $9 million in ice research but just over 
H $1 million in banana research. “It puzzles 
us." says Richard Markham, a program 
§ airector at Bioversity International. Most 
funding agencies in developed countries 
§ don't take the Cavendish seriously, he says, 
& and they don't realize that the vast majority 

of other bananas are a staple food source for 
millions. (In Uganda, the word for “banana 
and “food” is the same.) “It’s hugely neg- 
lected and underinvested.” 

Even the banana industry doesn’t seem to 
care. Banana suppliers Dole Food Co. and 
Chiquita Brands International have largely 
stayed out of banana research for the past 
20 years, says Markham, although Chiquita 
has recently begun funding FHIA. Critics say 
the companies are shortsighted and that they 
haven't earned the lessons ofthe Gros Michel 
disaster. (Representatives for Dole and Chiq- 
uita did not return phone calls for this article.) 
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Regardless, the assumption that these compa- 
nies are looking out for the banana has kept 
the public sector away, says Markham. 

The lack of attention has dealt a huge blow 
to efforts to sequence the banana. Frison hoped 
the 2001 meeting at NSF would mobilize a big 
investment, but nobody jumped on board. “We 
only found small and scattered money,” he says. 
Roux took over for Frison in 2003, and over the 
next 4 years the Global Musa Genomics Con- 
sortium collected members—37 institutions in 
all, including the J, Craig Venter Institute and 
the Max Planck Institute for Chemical Ecol- 
‘ogy—but not much funding. 

Hoping for U.S. support, the consortium 
approached the U.S. Department of Energy's 
(DOES) Joint Genome Institute (JGI) in Jan- 
uary 2008. JGI has a program to which 
research communities can apply to have the 
DNA of their favorite organism deciphered. 

Roux says JGI seemed enthusiastic about 
the banana. But this summer, the consor- 
tium learned that it didn’t make the cut. 
Duckweed and sea grass did. 


Consumed. Ba 


ia’developing countr 


also victims of fungal disea 


JGI’s James Bristow says these species fit 
better into DOE'S mission of investigating 
species for alternative fuels and bioremedia- 
tion, though he admits to being disappointed 
by the reviewers’ decision. “It’s an important 
and endangered worldwide food cro} 
says. “There’s no question that this genome 
should be sequenced.” 

Jane Silverthorne, who headed NSF's Plant 
‘Genome Research Program from 1999 to 2007, 
says the bigger problem may be that the banana 
‘community isjust notas well-organized asother 
crop communities. “It’s small and fragmented” 
she says. Some banana proponents would rather 
‘see money put into subsistence farming than 
sequencing, Markham points out, “and even 
within molecular biology, some say we don’t 
need the entire sequence—or that we should 
‘wait until the cost of sequencing comes down.” 

Nonetheless, Markham says it would be a 
“huge boost” for banana researchers to have 
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the sequence. The trick is finding someone 
who will step up to fund it, 


Stipping into the future 
That someone might just be France. When 
members of the banana consortium gathered 
at the JGI workshop in January to present their 
sequencing plan, they got an unexpected 
boost from Francis Quétier, then deputy direc 
tor of French sequencing giant Genoscope. 
Queétier announced that his institute would do 
half the work needed to generate a reliable 
sequence by covering the genome four times 
cover, It had settled on a close relative of the 
Cavendish with only two sets of chromo- 
somes. “Everyone cheered wildly,” says 
Markham. But there was a catch: The French 
National Research Agency (ANR) would 
fund the project only with help from an inter- 
national partner, When JGI subsequently 
passed on the banana, “the whole thing looked 
like it would unravel,” Markham says, 

Now Quétier, who recently became a pro- 
gram coordinator in genomics at ANR, says 
the agency is about to announce 
that it will fund the project any- 
way—and that it plans to 
sequence the entire genome, “We 
‘are at the beginning of the story.” 
he says, “I'm very optimist 

James Dale can’t wait, A 
banana biotechnologist at the 
Queensland University of Tec! 
nology in Brisbane, Australia, 
Dale has been trying to develop a 
betterbanana for 12 years through 
genetic modification. Once the 
sequence reveals the full range of 
genes in banana, he says, biotech- 
nologists like him will be a step 
closer to using the banana’s own genes to, say, 
boost disease-resistance. 

That's not all. With the sequence, basic 
researchers can do comparative genetics with 
other cropsand figure out how bananas got so 
strange in the first place, Even traditional 
breeders like Aguilar Moran will benefit: 
Molecular markers found in the genome will 
help them home in on traits of interest and 
better select varieties for crossing. “A tremen- 
dous amount of information will come out of 
this,” says Dale. 

Frison is also optimistic. As he did in 2001, 
he’s predicting that the banana genome is 
within reach—and with ita brighter future for 
the fruit. “We've reached a turning point,” he 
says. Bristow thinks that Frison might be right 
this time. “Once you've got a little bit of data, 
it starts to get interesting,” he says. “Nothing 
rallies a community like some progress.” 
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European Union and NIH Collaborate 


THE NATIONAL INSTITUTES OF HEALTH (NIH) AND THE EUROPEAN 
Commission (EC) recently decided to reinforce our mutual interest in 
scientific collaboration, We believe that greater trans-Atlantic coopers 
tion and smarter competition in science will lead to faster breakthroughs 
in health research and ulti- 
mately to a better quality of life 
for the citizens of the world. 

The NIH hasa long tradition 
of funding collaborations be- 
tween US. and European scien- 
tists. To this end, the NIH re- 
cently clarified its policies for 
funding global collaborations 
(J). And on 3 September 2008, 
the European Commission pub- 
lished a new call for proposals 
within the health theme of its 
Seventh Framework Programme 
for Research and Development 
(2). For the first time, the EC 
has announced that researchers 
working in U.S. institutions are 
eligible not only to participate in EC-supported research projects but 
also to receive funds from the EC if they are part of a consortium with 
European Union (EU) investigators. 


Partners. Former NIH Director Elias 
Zerhouni (lef) and European Commissioner 
for Science and Research Janez Potognik 
(Fight) make their new collaboration official 


We live at a time of great scientific opportunity, where global 
collaborations are essential for facilitating scientific discoveries aimed 
at improving public health. As science has become more complex, so 
has the need for both specialization and multidisciplinary approaches 
to problem-solving. While discovery increasingly depends on a new 
level of collaboration, it also depends on expertise, which may not 
reside within one country or even within one continent. A prime exam- 
ple of the tremendously successful Human 
Genome Project, which reached its goals ahead of time and under 
nilarly, global collaboration is essential to the conduct of 
trials and genetic research, where disease prevalence in a given 
region enables research that could otherwise not be conducted in the 


confines of a single country. 

We hope that our initiative, aimed at opening our research pro- 
grams, will serve as a launch pad for wider and more intense U,S.-EU 
cooperation in health as well as in other areas of research. This is a 
historic step for our institutions today, and we are confident that it will 
also prove to bea si nt step forthe future of science, 

ELIAS A. ZERHOUND? AND JANEZ POTOCNIK? 
Former Director, National Institutes of Health, Bethesda, MD 20892, USA. Email: erhoune@ 
imailrih.gov. "European Commissioner for Science and Research, Science and Research 
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Skeptical of Assisted 
Colonization 


. HOEGH-GULDBERG ETAL. (‘ASSISTED COL- 
onization and rapid climate change,” Policy 
Forum, 18 July, p. 345) outlined a decision-tree 
framework for conservationists to use when 
considering the fate of species endangered by 
climate change. Although the likelihood of 
species extinction may require consideration of 
drastic action, there are several reasons to be 
skeptical of the assisted colonization proposal: 

(i) A number of within-continent or within— 
“geographic region” introductions, including 
intentional ones, have proved calamitous for 
the recipient ecosystem (/—3). (ii) Other short- 
distance, regional-scale incursions across 


breached biogeographic barriers have also had 
negative consequences [such as the migration 
of marine species across the Suez Canal that is 
known as the Lessepsian migration (4)]. (ii) A 
potential recipient area would have to be 
deemed of much lesser conservation value than 
the (single) species being assisted. Such a deci- 
sion would be the antithesis of the flagship 
species approach currently adopted by conser- 
vationists. (iv) The resilience of a recipient 
region, already experiencing climate-induced 
stress itself, is unlikely to be assisted or 
enhanced by an introduced species. (v) The 
extent of knowledge required to provide 
detailed scientific understanding of the poten- 
tial consequences of assisted colonization 
should not be underestimated; there are good 
reasons for bioinvasion ecologists to avoid 


experiments that require introducing poten- 
tially invasive propagules to uninfected areas, 
and regulations require secure retention of non- 
native propagules for laboratory experiments, 
(vi) There already exists an approach to assist 
the persistence of endangered species: collabo- 
rative captive breeding programs of zoos and 
wildlife parks. 

Any strategy to combat the negative impacts 
of a global phenomenon like climate change 
requires comprehensive frameworks. A species- 
by-species approach such as assisted coloniza- 
tion may be an overwhelming endeavor and is 
likely to encounter insurmountable policy con- 
flicts between proponents and recipient regions 
Such large-scale, manmade interference with 
species distributions in the wild does not have a 
glorious history and may prove a step too far as 
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ahedge against extinction. 
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Assisted Colonization 
Won't Help Rare Species 


THE POLICY FORUM “ASSISTED COLONIZA- 
ion and rapid climate change” (O. Hoegh- 
Guldberg et al., 18 July, p. 345) spells hope for 
‘our attempt to avert the worst of today’s cli- 
mate-induced extinction crisis. Unfortunately, 
the framework that the authors proposed and 
the discussions preceding this (/, 2)have over- 
simplified the process of assisted coloniza- 
tion, Species in need of such an intervention 
are often uncommon or rare and may be 
understudied. Introducing them to new loca- 
tions may help them keep up with climate 
change, but most of the other threats they have 
been facing (such as disease and poaching) 
are not likely to be left behind (3, 4). These 
may even be exacerbated when species are 
moved across national boundaries; distinct 
systems of governance and management can 
impede conservation efforts (5). As a result, 
the number of threatened species that qualify 
for such a measure is likely low. 

Indeed, data from the Report “One-third 
of reef-building corals face elevated extinc- 
tion risk from climate change and local 
impacts” (K. E. Carpenter et al., 25 July, 
p. 560) show precisely that. Of the 231 coral 
species listed in threatened categories, 186 
(81%) are rare or uncommon. Worse still, we 
have virtually no fundamental knowledge on 
the biology of 70% of these corals, compli- 
cating the decision to translocate them. 
Moreover, at least 35 of them are harvested 
for the coral trade (more than 1000 pieces per 
year). It would be hard to imagine that 
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assisted colonization will improve their fate. 1 
urge caution in committing species to such 
movements until we are fairly confident that 
this will do more good than harm. 
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Where Species Go, Legal 
Protections Must Follow 


THE POLICY FORUM “ASSISTED COLONIZA- 
ion and rapid climate change” (O. Hoegh- 
Guldberg etal. 18 July, p. 345) proposes mov- 
ing species outside their historic range to 
mitigate biodiversity loss induced by climate 
change. However, this approach will be suc- 
cessful only if legal policies, especially the 
implementation of the Endangered Species 
Act(ESA), change as well. Establishing anew 
population requires both availability of ade- 
quate habitat and strong legal protection. 
Policy-makers should recognize that areas 
predicted by bioclimatic models to be the most 
suitable for a species in the long term should 
now be considered “essential for conservation” 
under ESA section 3 and therefore designated 
as critical habitat. This should occur even if 
these areas are not currently suitable for the 


to the Editor 


Letters 


SCIENCE VOL322 


species. Designation of new populations estab- 
lished by assisted colonization as “experimen- 
tal” under ESA section 10(j) should be avoided; 
this provides weaker protection than exists for 
naturally occurring populations and will ulti- 
mately jeopardize the populations most critical 
toa species’ long-term survival (/). 

GUILLAUME CHAPRON* AND GUSTAF SAMELIUS: 
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Response 

THE LETTERS IN RESPONSE TO OUR POLICY 
Forum highlight many of the risks and conse- 
quences of making bad decisions, the logical 
consideration of which is the focus of our 
decision framework. The robust risk asses 
‘ment framework we propose includes assisted 
colonization as one option among the full 
array of other strategies available to ecosys- 
tem managers, 

Davidson and Simkanin correctly note 
that there are serious risks associated with ill- 
conceived assisted colonization, including the 
effects on source populations and the impact 
of translocated organisms at their des 
nations, which we mentioned in our Policy 
Forum. It is true that some short-distance 
translocations will be ill advised for recipient 
ecosystems and human communities, but the 
literature indicates that this risk escalates as 
organisms and ecosystems become more 
divergent. Evidently, there is no single strat- 
egy that will work across the board for all 
taxa, ecosystems, and regions. This is why we 
presented a decision framework rather than a 
prescription. The decision framework allows 
risks and benefits to be reviewed systemati- 
cally, prior to any attempt to move species, 
communities, or ecosystems in response to 
climate change. 

Neither Davidson and Simkanin nor 
Huang acknowledge that the risks of action 
must be balanced against the risks of inaction, 
which have frequently been high. During past 
periods of major climate shifts (changes of 
6° to 10°C), the Earth experienced massive 
changes to the distribution and abundance of 
its biological systems. Recent temperature 
increases in many parts of the world exceed 
those seen during previous shifts (/). Re- 
distribution in the modern world is also cur- 
tailed by human-dominated landscapes, 
which severely limit the total area of suitable 
natural habitats and create barriers to disper- 
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sal and migration. Even though the risks of 
translocation may be prohibitive in most situ- 
ations, to ignore this option as species, com- 
munities, or ecosystems dwindle to extinction 
is not an option. Our framework systemati- 
cally examines the advantages and risks of 
assisted colonization along with the full suite 
of other conservation options. 

We agree with Chapron and Samelius that 
policy must be developed to recognize the 
importance of future habitats for organisms ina 
world that is changing from decade to decade. 
Equally important is the necessity for develop- 
ing new policies that provide protection for 
newly transferred colonies, especially given 
that these are intended to be long-term as 
‘opposed to experimental translocations. With- 
out the rapid evolution of policy in concert with 
innovative biological solutions, attempts to 
move species and communities to new loca- 
tions ahead of climate change will be doomed 
to failure, OVE HOEGH-GULDBERG,"* 

LESLEY HUGHES,’ SUE MCINTYRE,” 
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Centre for Marine Studies, Australian Research Council Centre 
{or Excellence in Reef Studies and the Coral Reef Targeted 


Research Projet The University of Queensiand, St Lucia, QLD 
4072, Australia. “Department of Biological Sciences, 
Macquarie University, NSW 2109, Australia, "Australian 
Commonwealth Scientific and industrial Research Organi- 
sation (CSIRO) Sustainable Ecosystems, Post Office Box 284, 
Canberra, ACT2601, Australia. Fenner School of Environment 
and Society, The Australian National University, Canbesra, ACT 
0200, Australia. "Department of Integrative Biology, 
University of Texas, Austin, TX 78712, USA. “The Ecology 
Centre, Centr for Applied Environmental Decision Analysis, 
The University of Queensland, St Lucia, QLD 4072, Australi. 
"Department of Biology, University of York, Post Office Box 
373,YorkYO10 SYW, UK. 


‘To whom correspondence should be addressed. E-mail: 
oveh@ua.edu.au 


Reference 
1. 0. Hoegh-Guldberg eto, Science 318, 1737 (2007). 


‘TECHNICAL COMMENT ABSTRACTS 


Comment on “Ancient Asteroids 
Enriched in Refractory Inclusions” 
Dominik C. Hezel and Sara S. Russell 

Sunshine etal. (Reports, 25 April 2008, p. 514) reported 
that certain asteroids contain 30 + 10 volume percent 
‘alcium- and aluminum-rich inclusions (CAIs). We con- 
tend that the amount of CAls in CV chondrites is two to 
thvee times as low as the 10 volume percent assumed by 


the authors; thus, we question whether the CAl-rich bodies, 
they studied are indeed older than known asteroids or 
formed before the injection of Al into the solar nebula. 


Full text at wrw.sciencemag.ora/cai/content/full322/ 
5904/050a 


Response To ComMENT ON “Ancient 
Asteroids Enriched in Refractory 
Inclusions” 


J. M. Sunshine, H. C. Connolly Jr, T. J. McCoy, 
S.J. Bus, L. M. La Croix 


Although the exact abundance of phases in carbona- 
ceous chondrites remains debatable, a potentially 
lower absolute abundance of calcium- and aluminum 
‘ich inclusions (CAls) in the Allende meteorite does not 
change our fundamental conclusion. Ina relative com- 
parison, CAl-rich asteroids contain two to three times 
as many CAls as the most CAl-rich meteorites. These 
asteroids are therefore greatly enriched in the earliest 
solar system materials and remain enticing targets for 
future exploration. 

Full text at wow sciencemag.org/cgicontentfull322/ 
5904/0506 


CORRECTIONS AND CLARIFICATIONS 


News of the Week: “Chinese cave speaks of a fickle sun 
bringing down ancient dynasties” by R, A. Kerr (7 Nov- 
‘ember, p. 837). The stalagmite sample analyzed was 0.12 
‘meters long, not 1.2 meters long as reported. 
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PALEONTOLOGY 


Reading Behavior from the Rocks 


Séren Jensen 


dolph Seilacher has made substantial 
Ase to sedimentology, taph- 

onomy, functional morphology, 
and more recently to the interpretation of 
Ediacara-type fossils, but it is with ichnology 
(the study of trace fossils) that his name is 
most closely associated. Trace fossils— 
burrows, tracks, trails, and 
other evidence of organism- 
sediment interactions preserved 
in the rock record—are unique 
in that they can provide direct 
evidence of how animals lived 
millions of years ago, some- 
times recording events lasting a 
few minutes or less. No one has been quite so 
successful in bringing trace fossils to life as 
Seilacher, and the long-anticipated Truce 
Fossil Analysis, which grew out of courses he 
gave at Tiibingen University, offers an excel- 
lent introduction to his approach. 

One of the book's plates includes a 
Sherlock Holmes-like silhouette. This is area- 
sonable allusion to Seilacher’s ability to re- 
create a scenario of trace producer and behav- 
ior on the basis of evidence that may at first 
seem unpromising—for example, in deducing 
the “adventures of an Early Cambrian trilo- 
bite” from faint scratches on a bedding plane. 
Seilacher's ichnological publications span half 
century and have played a large role in shap- 
ing the field. They are characterized by an eco- 
nomic and precise prose, also found in the 
book, but more than anything else what sets 
them apart are his drawings. It is therefore fit- 
ting that Seilacher structured Trace Fossil 
around his sketches and diagrams of 

distinctive and representative ichnogenera. 

‘These are arranged in 75 plates, each accom- 

panied by about one page of text (“in the form 

of extended captions”), The plates and text 
8 are grouped into chapters with titles such 
as “Burrows of Short Bulldozers,” “Deep- 
sea Farmers,” and “Cruziana Stratigraphy.” 
‘Through his discussions of informative exam- 
ples, Seilacher addresses such topics as the 
application of trace fossils in environmental 
studies, the study of trilobite trace fossils, and 
the analysis of deep-sea trace fossils. 

Readers already acquainted with Seilacher’s 
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Trace Fossil Analysis 


publications will find much that is familiar, 
but the book also contains a number of new 
illustrations and the text is sprinkled with 
fresh insights and thoughts. For example, the 
section examining the evidence for pre- 
Ediacaran trace fossils includes images and 
discussion of the 1.7-billion-year-old(1.7-Ga) 
Sterling biota of westem Aus- 
tralia (/). Here Seilacher also 
mentions a new take on the 
CChorhat“~worm burrows” (circa 
1.5 Ga) from India. He now 
suggests foam menisci as an 
alternative to his earlier inter- 
pretation (2) that these struc 
tures were made by wormlike animals even 
though they are much older than the presumed 
origin of metazoans. 

Ina text as wide-ranging as this, there are 
of course details with which not everyone will 
agree. One such instance appears in the 
chapter “Pseudo-Traces,” where Seilacher 
interprets Protospinalichnus from the Early 
‘Cambrian of Siberia as a system of concentric 
microfaults, Having had the opportunity to 
examine this material in Moscow, agree with 
the original interpretation of this structure asa 
trace fossil resulting from concentrated cir- 


cling motion (a type of trace fossil commonly 
known from Cambrian strata as “Taphrhelm- 
inthopsis” circularis). 

In the preface, Seilacher explains that the 
book isnot intended to bea comprehensive text 
on ichnology. Instead, he aims for it to encour- 
age the training of observational skills and of a 
“method of morphological thinking in terms of 
processes that could easily be transferred to any 
other subject matter.” Nevertheless, the book 
will prove an indispensable aid to anyone 
teaching trace fossils at the university level. To 
that end, the annotated reference lists occurring 
at regular intervals throughout the book will be 
quite helpful, The emphasis is heavily on the 
trace-making activity of marine invertebrates in 
‘soft sediments, but there are also sections on 
vertebrate traces and on various sedimentary 
structures that might mistakenly be attributed 
to the activity of organisms, Seilacher includes 
the majority of the more common and mean- 
ingful ichnogenera, although the naming of 
trace fossils is not an important theme of the 
book. (It should also be noted that the eriteria 
for defining ichnotaxa vary widely among dif- 
ferent trace fossil workers.) The authordoes not 
treat trace fossils on hard substrates, and he 
refers readers to other sources for discussion on 
ichnofabrics—the broader look at the sediment 
structure resulting from bioturbation and an 
increasingly important branch of trace fossil 
analysis over the past several decades. 

Trace Fossil Analysis will be cherished by 
ichnologists, even though they already know 
what to expect. But it will be particularly 
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Solnhofen stories. Many of the biogenic structures in the Upper Jurassic lithographic limestones from south 
‘em Germany record “the last movements (or even postmortem corwulsions) of the trace makers preserved 
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handy to nonspecialists, who may not have the 
time, wish, or opportunity to track down 
Seilacher's original publications (some of 
which are in hard-to-find volumes). Non- 
specialists should, however, keep in mind 
that such are the communicative powers of 
Seilacher’s drawings and text that one can eas- 
ily forget that these are interpretations—albeit 
ingenious ones and probably more often than 
not correct. This stimulating book documents 
the wonders that can be achieved by the eye 
and pen of a fertile mind, 
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SCIENCE POLICY 


What Can Science Do 
for the President? 
Gregory A. Good 


consider a tale of two United States 
( presidents and their approaches to sci- 

ence policy advice, The first preferred 
advisers who honestly disagreed with him 
and with each other, but who 
advised him with the best inter- 
ests of the country atheart, The 
second preferred advisers who 
told him what he wanted to 
hear. The first preferred advis- 
ers who were skeptical of tech- 
nological fixes; the second, 
advisers who thought technol- 
ogy could answer most chal- 
lenges. The first preferred 
advisers with backgrounds in 
academia; the second, advisers 
from industry. The first president doubted the 
advice of ideologues and religionists; the sec- 
ond used their advice to form science policy on 
issue after issue. The first respected free and 
‘open debate; the second formed policy behind 
closed doors and presented carefully censored 
reports to the public. 

‘The second US. president above is clearly 
George W. Bush. Readers may be surprised, 
however, to find that the first is General 
Dwight David Eisenhower, who in 1957 estab- 
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In Sputnik’s Shadow 
The Pre 


lished the President's Science 
Advisory Committee (PSAC). 

Zuoyue Wang's In Sputnik’s 
Shadow: The President's Science 
Advisory Committee and Cold 
War America reminds us in rich 
detail of various ways in which 
US. presidents, especially in the 
mid- and late 20th century, have 
obtained advice on science. Wang 
(a historian at California State 
Polytechnic University, Pomona) 
focuses on the period from the 
Eisenhower administration to that 
of Richard Nixon but glances 
backward and forward. Despite 
these glances, his book is neithera 
prescription nor a diatribe but 
rather a careful and nuanced his- 
torical analysis. Readers looking for simple 
answers to where American science policy 
should go next need to look elsewhere, In 
Wang’s book they will instead find a fully 
developed and complex historical analysis. 

Eisenhower created PSAC in the midst of 
the Cold War, soon after the Soviet Union's 
October 1957 launch of Sputnik. 
charged the committee with advising him 
mainly on science and technology relevant to 
defense and nuclear weapons—or more to the 
point, relevant to arms control. Presidents 
before Eisenhower had sought advice from 
scientists, through either the 
National Academy of Sciences 
or ad hoc arrangements, but 
PSAC was intended to regular- 
ize the process. In addition, 
during World War II the Office 
of Scientific Research and 
Development, the Radiation 
Lab, and the Manhattan Pro- 
ject had fundamentally altered 
the culture of physics in the 
United States. 

A recurrent theme through- 
out the book concerns the dual nature of sci~ 
ence in American politics: science in policy 
versus policy for science. This seemingly 
cryptic phrase has a simple, direct meaning. 
Presidents realize that to forge policies regard- 
ing defense, energy, etc., government needs 
competent advice about science and technol- 
ogy, and PSAC provided such expert advice. 
Scientists have another interest, namely the 
funding and promotion of their research and 
their institutions. As Wang encapsulates the 
distinction: what can science do for the govern- 
‘ment versus what can government do for sci- 
ence? PSAC scientists recognized that these 
two perspectives are inextricably linked, and 
committee members often linked the country’s 


After Sputnik. Lee DuBridge (second from the left) and Vice 
President Richard Nixon hold a model of Explorer 1 at Caltech’s Jet 
Propulsion Laboratory (1958). DuBridge would later serve as 
\Nixon’s science adviser to the president. 


policy interests with the self-interest of their 
science, Aware of the distinction, Wang narrates 
many efforts of PSAC to “blurthe boundary.” 
Wang also emphasizes the balance that 
PSAC scientists tried to maintain between 
technological enthusiasm and technological 
skepticism. They insistently included techno- 
logical limitations, environmental and social 
risks, and policy implications in their analy- 
ses—as in those regarding nuclear-powered 
airplanes, the supersonic transport, antiballis- 
tic missiles (ABM), and pesticide use. Wang 
notes “theirs was not an argument against 
technology, but one for appropriate tech- 
nology, fora broadened concept of technolog- 
ical rationality that encouraged technological 
development not for its own sake but for its 
benefits in achieving social, political, cultural, 
and economic goals in a democratic society.” 
The demise of PSAC came during the 
Nixon years, in large part through tensions 
‘magnified by the ABM debate. Nixon first dis- 
tanced himself from his science adviser, Lee 
DuBridge, and ultimately, just weeks after the 
1972 election, decided to dissolve the Office 
of Science and Technology and with it the 
committee. The decision then took six months 
to be finalized. As Wang suggests, PSAC’s 
closing occurred at least in part because Nixon 
did not want the broader technological ration- 
ality that previous presidents had favored. He 
resented disagreement from his advisers, 
Wang provides the scientific community 
and policy-makers with a most timely reminder 
of the positive roles that scientists can play in an 
open society. We can only hope that Barack 
Obama will turn a page and not let ideology, 
personal beliefs, or party politics interfere with 
his seeking of sound science advisement. 
In Sputnik’s Shadow offers a history that both 
policy-makers and scientists should heed well. 
10,1126/cience. 1165661 
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Smithsonian Swims 
in New Direction 
Lekelia D. Jenkins 


Ithough many factors led 
me to become a marine sci- 
entist, one was definitely 


the Smithsonian Institution's Na~ 
tional Museum of Natural History 
(NMNB). | fondly remember child- 
hood class trips to the aging marine 
hall. The exhibition was dim and 
musty, but the sheer wealth of know!- 
edge held there made each visit 
a fresh and educational experience 
(even as an adult), I wondered 
Whether the Sant Ocean Hall has the 
depth of knowledge to inspire a new genera- 
tion of scientists as the earlier displays had 
inspired me. 

Rare and wondrous but smaller than life 
serves as a good description of not only the 
giant squid highlighted in the new hall but also 
the exhibit itself. Although the display of two 
giant squid specimens is indeed worth s 
the preserved quality of these fascinating and 
elusive creatures is disappointing. A plaque 
above the slightly decayed carcass of the 
-long specimen explains that it 
result of preservation and is 
substantially smaller than its original size. 

Likewise, the heralded ocean-themed 
hall—a first for the Smithsonian—does not 
meet heightened expectations. The 
onian raised $80 million for the ambi- 
tious project, including $22 million from the 
National Oceanic and Atmospheric Admin- 
istration (NOAA), the exhibit's cosponsor. At 
‘over 2100 m?, the Ocean Hall is the NMNH’s 
largest permanent exhibition. Nonetheless, it 
can display only a small portion of the 
Smithsonian's 30 million specimens of ocean 
organisms (the largest marine collection in the 
world), The material is organized around the 
themes of how the ocean has changed over 
time and how marine ecosystems vary across 
habitat types. Using 30 “human connections” 
stories (which are linked to critical ocean 
issues), the exhibit also attempts to show vis- 
itors that “the ocean is a global system essen- 
tial to all life—including yours.” However, 
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Sant Ocean Hall 


Carole Baldwin, Sharon Katz 
Cooper, Brian Huber, Jill 
Johnson, Elizabeth Musteen, 
and Michael Vecchione, 
Exhibit Tea 


because there is no clear path through the 
exhibit and the pithy signage is disparate and 
often poorly placed, the themes break down 
and the displays are incongruous. 

The Ocean Hall incorporates a number 
of interactive video components that cura- 
tors can update through the expected 30-year 
lifetime of the exhibit 
For instance, one in- 
teractive kiosk simu- 
lates ocean manage- 
ment, allowing visitors 
to manipulate parame- 
ters such as fishing 
controls, aquaculture 
controls, and monitor- 
ing and then see the 
effects of their deci- 
sions on the ecosystem 
and stakeholders. The 
most frequently up- 
dated part of the hall will be the two Ocean 
Today Kiosks, video displays that offer visi- 
tors captivating 
minute summaries on a 
variety of contemporary 
‘ocean topics. These well- 
conceived kiosks, main- 
tained by NOAA, will be 
regularly refreshed with 
new videos (30. story 
lines are currently in pro- 
duction), and they will 
soon feature a ticker-type 
crawl with the latest 
‘ocean news. But because 
they have poorly func- 
tioning directional speak- 
ers and are situated in 
an obstructed comer, the 
kiosks probably will not 
be able to shoulder the 
duty of keeping the en- 
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jars that museum-goers quickly pass. These 
attempts to incorporate the museum's extensive 
collection into the hall are disharmonious 
anachronisms, given the technological scaffold 
of the exhibit. A video or interactive program 
could help visitors place the specimens within 
the larger conceptual context of the display and 
understand the value of preserved specimens to 
science. By presenting more actively posed 
models (such as the exquisite model of a 
dumbo octopus, Cirrothauma magna,with ten- 
tacles coiled in midpropulsion), the exhibit 
could have worked in aspects of the biome- 
chanics of marine organisms. Also, the design- 
cers might have borrowed from one of the best 
aspects of the museum's Mammal Hall, the use 
of specimens in lifelike assemblages to com- 
municate ecological information. For example, 
grouping of models or specimens could have 
provided insight into food webs. The implicit as 
well as explicit imparting of information would 
have added depth to the exhibit, making it more 
appealing to a wider audience, 


tire Ocean Hall timely Model display. The dumbo octopus Cirrothauma magna. 


and relevant. 

Visitors will be entertained by some 
impressive marvels, such as a living coral reef 
anda 14-m-long replica of Phoenix, a particu- 
lar North Atlantic right whale, Eubalaena 
glacialis. The 1500-gallon coral aquarium 
houses fish, live coral, anemones, and other 
organisms that were all grown in captivity or 
collected in a sustainable manner. Visitors 
also cluster in engaging areas such as the 
Global Ocean Systems gallery. In this room, 
an animated six-foot sphere aptly tutors view- 
ers on complex oceanic processes, such as the 
formation of the continents. 

But these attractions are small islands of 
excitement in a sea of last-century displays of 
fossils, corpselike models, and pale dead fish in 
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By farthe highlight of the entire hall is the 
Ocean Explorer Theater. Here, in a video with 
vivid cinematography, a diverse cast of scien- 
tists describes with sincere awe their experi- 
ence of discovery as they descend to the sea 
floor in a deep-sea submersible, The video 
moved me on an emotional level, reaffirming 
both why I love being a marine scientist and 
the powerful draw of the deep blue as our last 
natural frontier, I have no doubt that the the- 
ater and other effective parts of the exhibit 
will help inspire the next generation of 
marine researchers. The Sant Ocean Hall, 
although not all that I had anticipated, is still 
rare and wondrous. 
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Certificates of Confidentiality and 
Compelled Disclosure of Data 


Laura M. Beskow,'2" Lauren Dame, E. Jane Costello 


thical principles and professional 
Ke of conduct require that re- 
searchers protect research partici- 
pants’ privacy, as well as the confidentiality 
of their data (/, 2). Certificates of Con- 
fidentiality are intended to help meet these 
obligations by preventing forced disclosure 
of identifiable data during legal proceed- 
ings (3). A recent case indicates that the 
protection Certificates offer is uncertain. 

Certificates are authorized by federal 
law and granted by units of the U.S. 
Department of Health and Human Services 
for research collecting information that, 
if disclosed, could have adverse conse- 
quences or damage subjects’ financial 
standing, employability, insurability, or 
reputation, The current law states that with 
a Certificate, “persons engaged in biomed- 
ical, behavioral, clinical, or other research 
.». May not be compelled in any Federal, 
State, or local civil, criminal, administra- 
tive, legislative, or other proceedings to 
identify such individuals” (4). 

Although Certificates are commonly 
believed to offer “nearly absolute privacy 
protection” (5), there is a remarkable 
paucity of evidence on which to base such 
conclusions, In one of the only reported 
court opinions, People v. Newman (6), a 
Certificate successfully prevented disclo- 
sure of the identities of participants in a 
drug treatment program despite a grand 
jury subpoena in a murder investigation. 
Both sides in this case assumed that confi- 
dentiality protections granted under the 
law were absolute; the dispute focused on 
whether other legislation (7) repealed 
these protections. The Court held that the 
other legislation did not do so, but pro- 
vided little analysis of the scope of a 
Certificate’s protections. 

We describe a criminal case that 
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reached the North Carolina Court of 
Appeals, in which research data collected 
under a Certificate were subpoenaed by 
the defense in an attempt to impeach the 
credibility of a prosecution witness, The 
outcome raises concerns about the protec- 
tions Certificates provide and has implica- 
tions for research that depends on partici- 
pants’ confidence that sensitive informa- 
tion will be protected. 


Case Presentation 

In the early 1990s, Duke University Health 
‘System (DUHS) researchers began a lon- 
gitudinal study of psychiatric disorders 
and the need for mental health services 
among rural and urban youth (the “Study”). 
Researchers obtained a Certificate from 
the National Institute of Mental Health 
because they planned to gather infor- 
mation about psychosocial adversities, 
substance abuse, illegal behaviors, and 
genetic traits. 

The challenge to the Study’s Certificate 
arose in 2004 from a 
criminal proceed- 
ing in which the de- 
fendant was charged 
with indecent liber- 
ties with a minor and 
statutory rape. His attorney believed that a 
prosecution witness was a Study participant 
and requested a court order directing DUHS 
to supply all Study records about the wit- 
ness. The court granted this request, noting 
that the defendant was entitled to the 
records for any exculpatory evidence they 
might contain. Although the order directed 
that the records remain confidential unless 
used at trial or sentencing, it allowed them 
to be read by the state’s chief investigating 
officer, the witness, the District Attorney's 
office staff, the defendant and his wife, the 
Public Defender’s office staff, the Assistant 
Public Defender, and any expert the defen- 
dant or state might consult (8). 

The judge issued this order without 
knowledge of the Certificate; DUHS first 
learned of the attempt to obtain Study 
records upon receiving the subpoena. 
DUHS filed a motion fora protective order, 
asserting that the records were protected by 


A recent court case suggests that the privacy of 
research subjects may not be fully protected by 
Certificates of Confidentiality. 


a Certificate and should not be disclosed. 
DUHS also argued that the person whose 
records were sought was not the alleged 
victim; therefore, Study records were 
unlikely to contain exculpatory evidence. 
DUHS took no position regarding whether 
the witness was a Study participant, On the 
basis of its review of the motions, an affi- 
davit from the Principal Investigator (PI), 
and arguments made at the hearing, the 
court vacated its initial order and granted 
DUHS? motion, but instructed DUHS to 
maintain a sealed copy of the records until 
the final resolution of the case. 

A review of the hearing transcript (9) 
shows that the judge regarded the defen- 
dant’s request to access Study records as a 
routine discovery motion and was unfamil- 
iar with Certificates, He told DUHS that he 
had not realized “what kind of egg [he was] 
cracking open,” but “obviously it had lit a 
fire under somebody.” Further, although 
DUHS and the PI argued the critical im- 
portance of upholding the Certificate, the 


The full legal effect of Certificates 
of Confidentiality remains unclear. 


judge seemed most swayed by the argument 
that the defense was unlikely to find ex- 
culpatory evidence. Thus, despite the 
Certificate, the court weighed other inter- 
ests and issued the protective order only 
after deeming the defendant’s reasons for 
seeking the records insufficient. 

The defendant was tried and convicted 
ofall charges. Months later, the defendant’s 
appellate lawyer filed a motion requesting 
access to the sealed records. A hearing was 
held before the same judge. This time, how- 
ever, he ordered that the records be given to 
defense counsel and shared with the state, 
suggesting that it would be puzzling to ask 
the appellate court to decide if the records 
were relevant when the defense attorney 
arguing their relevance had never seen 
them (/0). Arguments based on their con- 
tents could only be made in a separate 
sealed brief. 

DUHS filed a notice of appeal, asserting 
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the Certificate and citing People v. Newman 
as particularly relevant, arguing that p: 
ipants “must be given genuine assurances 
of confidentiality for investigators to obtain 
candid, meaningful, and wide participation 
in the study” (//). DUHS also argued that 
the defendant had failed to show that the 
documents were relevant to his defense. 
Pursuant to the court order, however, 
DUHS delivered the documents to the 
defendant's appellate counsel. 

The defendant's brief contained a 
sealed appendix based on the Study 
records, In the unsealed portion, the defen- 
dant argued that Newman did not govern 
this situation because “[Newman] involves 
the State seeking information for use in a 
criminal prosecution as opposed to [this] 
case which involves a criminal defendant 
who has been afforded the Constitutional 
right to due process and confrontation to 
gain favorable and material information 
for his defense” (/2). After hearing from 
DUHS and defense counsel, the Court of 
Appeals concluded that the Study records 
were not material. It vacated the order 
granting defense counsel access, but con- 
fidentiality had already been compro- 
mised. The Court specifically declined to 
consider DUHS' argument that the confi- 
dentiality of the records was statutorily 
privileged (/3) and, thus, failed to address 
whether the Certificate would have pro- 
tected the records, had they been material 
to the defendant's case, 


Discussion 

Certificates have gained prominence over 
the past decade. In 2002, the National 
Institutes of Health (NIH) announced anew 
policy encouraging broader use of Cer- 
tificates (14). The National Cancer Institute 
recommends that biorepositories consider 
obtaining a Certificate (/5), and NIH 
‘suggests as part of its data-sharing policy 
that Certificates be obtained for genome- 
wide association studies (/6, 17). 

Given such reliance on Certificates, their 
effectiveness in preventing forced disclo- 
sure deserves rigorous evaluation. Because 
the U.S. case law system relies heavily on 
precedent, attorneys and judges will review 
previously decided cases when considering 
how to handle future legal demands for 
research data. In the case presented here, the 
Certificate helped convince the court, after 
vigorous legal intervention, to refrain from 
ordering broad disclosure of Study records, 
permitting instead restricted disclosure to 
attorneys for use under seal, but did not pro- 
vide absolute protection. This highlights 
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several important issues. 

First, requests for research data may 
arise from legal proceedings unrelated to a 
study’s focus. A PI or institution may unex- 
pectedly receive a subpoena and need 
swiftly to engage a lawyer with appropriate 
expertise. When notified of a Certificate 
dispute, the Office of the NIH Legal 
Advisor provides citation to the statute and 
case law of which it is aware, but does not 
ordinarily involve itself in third-party 
gation or provide legal advice to non- 
NIH entities. 

Second, a Certificate is granted to the 
research institution, not the PI, and their 
interests may not be identical. In this case, 
the PI felt a moral obligation to protect 
participants’ data; DUHS agreed and was 
willing to go to court. But an institution 
could decide that a costly legal battle is 
unwarranted or might be unwilling to defy 
court-ordered disclosure, even if the Pl 
wants to do so. 

Third, seeking to enforce a Certificate 
may result in some disclosure, even if data 
are not released. For some research, simply 
revealing the fact of a person’s participa- 
tion could itself cause adverse conse- 
quences. But institutions or investigators 
who refuse to follow a court order may be 
found in contempt, resulting in fines or 
imprisonment. 

Fourth, parties in both criminal and 
civil lawsuits have rights to obtain material 
relevant to their case. Courts have broad 
powers to enforce these rights, and they 
attempt to resolve disputes by balancing 
each side’s interests. When doing so, courts 
may give insufficient weight to society’s 
interest in protecting research records. 
Further, when the attempt to obtain study 
records comes from a criminal defendant, a 
Certificate may be especially vulnerable if 
the records could affect a defendant's 
Constitutional rights to a fair trial or to con- 
front and cross-examine witnesses. In this 
case, the court did not find that the facts 
implicated these rights, but a future case 
could raise the key question of when a 
defendant's Constitutional rights overcome 
the statutory protection offered by a Cer- 
tificate. Finally, attempts by the govern- 
ment itself to obtain study records may 
raise particularly difficult challenges if the 
records are considered relevant to “national 
security.” Since 9/11 and the passage of the 
Patriot Act (/8), government agencies 
claim increasingly broad legal powers 
to obtain confidential information, and 
researchers may have great difficulty 
resisting disclosure. 
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Elucidating Certificates’ practical util- 
ity in preventing compelled disclosure is a 
critical area for future study, Empirical 
evidence about how frequently research 
data are subpoenaed, and what happens 
when investigators assert a Certificate to 
protect data, is needed to help set realistic 
expectations about Certificates’ role and 
value. In the meantime, the full legal effect 
of Certificates remains unclear, and cau- 
tion is warranted when representing the 
impact of a Certificate to potential re- 
search participants. 
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CHEMISTRY 


A Sideways Glance at 
Chemical Reactivity 


David A. Blank 


hemical reactions can often be de- 
( scribed with surprisingly few variables, 

suchas the highest energy barrier that is 
crossed and the nature of any brief stops in 
energy valleys along the way from reactants to 
products (see the figure, top panel). However, if 
the goal is to describe the choreography of 
chemical reactions and not just their rates, then 
a more complete description is needed that 
includes details such as whether the low-energy 
path widens or narrows as the reaction pro- 
ceeds, The vast area between the stable points 
on this energy landscape dictates how a reac 
tion takes place but is usually the most el 
lenging piece to survey (see the figure, middle 
panel). On page 1073 of this issue, Takeuchi er 
al, (1) have reexamined the well-studied pho- 
toisomerization of stilbene, which is represen- 
tative of a broad class of reactions that includes 
the photochemistry of vision (2, 3). They map 
out previously hidden parts of the landscape 
through direct measurements of vibrational 
‘motions that occur in parts of the molecule that 
are not directly involved in the twisting of its 
double bond, 

Starting around 1930, chemical reactions 
were described in terms of a potential energy 
surface that depicted how the energy of the 
molecules increases or decreases as bonds are 
broken, made, or deformed (4, 5). Since then, 
much effort has been focused on finding ways 
to experimentally measure and computation- 
ally access the potential energy surface. 
Experimental studies are especially challeng- 
ing in that the reacting molecules spend an 
extremely short time in the unstable regions, 
so the majority of the experimental observa- 
tions are made on relatively stable molecules, 
which in some cases may be only the reactants 
and products. One analogy is that we are try- 
ing to describe what the players are doing at a 
tennis match on the basis of seeing the ball 
only when it hits the court or a racket, not 
when itis in flight. 

The unstable regions can be probed by 
finding connections between what goes on 
there and more stable states. For example, 
optical spectroscopic methods excite the mol- 
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ecules from stable ground states to electronic 
excited states. The absorption of light can 
probe the difference between ground and 
excited states, and, if done at enough points on 
the ground-state surface, can allow us to map 
out the excited-state surface (see the figure, 
bottom panel). The reaction described by 
Takeuchi ef al. actually takes place on the 
excited-state surface, and the ground-state 
surface provides an initial point of reference. 
However, light absorption as a probe of the 
excited-state surface is limited in its access 
because the electronic changes occur on a 
much faster time scale than the response of the 
heavier nuclei. In the energy landscape, there 
is no movement along the horizontal direc~ 


Free energy 


Ultrafast spectroscopy allows us to see what 
happens to parts of a molecule not directly 
involved in a chemical reaction. 


tions that represent the distances between 
nuclei, so the transitions are described as “ver- 
tical.” Thus, when cis-stilbene is photoexcited, 
the bonding pattern of its molecular orbitals 
now favors the trans arrangement around the 
double bond, and the nuclear coordinates try 
very quickly to “catch up” to this new stable 
point (to invoke our tennis match, this vertical 
transition is the racket deforming the ball). 
The accessible part of the upper surface, 
directly above the region of stability on the 
reference surface, is called the Franck- 
Condon region (illustrated as the green area in 
the bottom panel of the figure). 
‘Spectroscopic methods that use more than 
‘one absorption or emission event, or both, and 
that have time resolution comparable to the 
time spent between the stable regions (10° to 
10°? s), can be used to probe directly the 
unstable regions of the potential energy sur- 
faces (6). In the simplest implementation, a 
light pulse excites the reactant onto the upper 
‘surface in the Franck-Condon region, After a 
short delay, a second light pulse can be used to 
reporton the progress of the reaction. This type 
of experiment can map the narrow path fol- 
lowed from | to 2, referred to as the reaction 
coordinate (illustrated with olive green in the 
figure). Takeuchi ef al. take the next step by 
adding an additional dimension to the probe. 
‘They not only follow the reaction coordinate 
(the twisting of the double bond) but also 
measure changes in vibrations of other bonds 
in the molecule as the twisting proceeds, 
Takeuchi et al. map the changes in top- 
ology around the reaction coordinate and fill 


Degrees of realism in depicting chemical reac- 
tions. In all of these depictions, reactants (green 
regions) convert into products by moving quickly 
along a reaction coordinate (olive green and pink 
regions). (Top) A simple view of the energy barriers 
encountered along the reaction coordinate, which 
reflects the changes in one bond. For stilbene, the 
double bond must break to allow the phenyl rings to 
rotate, and the coordinate is the rotation angle. 
(Middle) The energy landscape for two degrees of 
freedom (more than one bond's motion) in a chemi- 
cal reaction. Many more coordinates are often 
included, and depictions are sics in two dimensions. 
(Bottom) in a photoreaction, the changes in nuclear 
coordinates can occur along a second upper surface 
that represents an electronic excited state, 
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in the pieces of the landscape shown in pink. 
Their method is directly related to the time- 
resolved probing of vibrations by means of 
resonance Raman spectroscopy, as previously 
reported by Mathies and co-workers (7, 8). 
The main difference is that Takeuchi ef al. 
probe the vibrational motions in time rather 
than frequency, which has the practical result 
of lowering the frequency of the vibrations 
that can be accessed. Thus, they can observe 
the evolution of a vibrational motion of the 
carbon-carbon bond framework at frequen- 
ccies around 200 cm during the isomerization 
reaction, which represents nuclear motions 
with a period of 1,6 x 10° s, 

This lower-frequency motion is similar in 
time scale to the motion along the reaction 


coordinate, and the curvature of the potential 
energy surface along these two dimensions is 
comparable. It provides details of how the 
phenyl rings move and twist as they settle into 
the extended trans conformation, which previ- 
ously was viewed as a spectator to the motion 
rather than as part of the action. The comple- 
mentary computational study in the report 
highlights the necessity of combining theory 
and experiment when mapping out these 
potential energy surfaces. 

The report by Takeuchi ef al, adds to our 
understanding of a specific class of chemical 
reactions by providing a new perspective on a 
model photoisomerization. Their study takes 
usbeyond the question of “how fast” and tothe 
more demanding question of “which way” at 
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the level of the entire molecule. Although the 
‘method presented is technically demanding, it 
could be applied to a wide variety of photoini- 
tiated reactions, including those that take place 
in complex environments such as proteins. 
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BEHAVIOR 


A Biolinguistic Agenda 


Marc D. Hauser’ and Thomas Bever® 


yen we transform thoughts into 
speech, we do something that 
no other animal ever achieves. 


Children acquire this ability effortlessly and 
without being taught, as though discovering 
how to walk. Damage to specific areas of the 
brain that are critical to language shows the 
profound selectivity of cerebral organization, 
underlining the exquisite biological structure 
of language and its computational features. 
Recent advances bring new insights into the 
neurogenetic basis of language, its develop- 
ment, and evolution, but also reveal deep 
holes in our understanding. 

There are about 7000 living languages 
spoken in the world today, characterized by 
both exceptional diversity as well as signifi- 
cant similarities. Despite many controversies 
in the field, many linguistic scholars generally 
agree on two points (/-8). Language as 
a system of knowledge is based on genetic 
mechanisms that create the similarities ob- 
served across different languages, culturally 
specific experience that shapes the particular 
language acquired, and developmental pro- 
cesses that enable the growth and expression 
of linguistic knowledge. Also, the neural sys- 
tems that allow us to acquire and process our 
knowledge of language are separate from 
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those underlying our ability to communicate. 

To fulfill a biolinguistic agenda—study of 
the computational systems inherent to lan- 
‘guage—we must address the rules and con- 
straints that underlie a mature speaker's knowl 
edge of language; how these rules and con- 
straints are acquired; and whether they are 
mediated by language-specific mechanisms. 
We also need to distinguish which rules and 
constraints are shared with other animals and 
how they evolved, and to ask how knowledge of 
language is used in communicative expressions. 

There has been little research linking the 
formal linguistic principles that describe the 
mature speaker's knowledge of language to 
the evolutionary, neurobiological, and devel- 
opmental factors that lead to their instantia- 
tion in the adult mind. These principles 
include computational devices such as hierar- 
chies and dependencies among syntactic cate- 
gories (e.g., the relationship between deter- 
miners such as “the” and “a” followed by 
nouns), recursive and combinatorial opera- 
tions, and movement of parts of speech and 
phrases (e.g., to create a question, many lan- 
‘guages move constructions such as “what” or 
“Where” to the front of the sentence). This gap 
is slowly narrowing, but the separation 
remains great. It is thus important to clarify 
the appropriate targets of analysis. In particu- 
lar, examination of the evolutionary, neurobi- 
ological, and developmental aspects of lan- 
‘guage often focuses narrowly on speech, or in 
some cases, on the separate issue of commu- 


Neurobiology and genetics are helping 
to generate insights about the evolution 
of language. 


nication, Instead, these aspects should be con- 
sidered in light of the principles discussed, 
helping to align formal approaches to linguis- 
tics with the biological sciences. 

Formal approaches to examine linguistic 
structure are marked by disagreement about 
the necessary or sufficient computations 
required to create the expressed languages of 
the world. Some linguists argue that linguistic 
form relies on abstract, generative operations 
that allow phrases and sentences (syntactic 
structures) to interface with meanings (the 
semantic system) to create a categorization 
(lexical terms) in which single words and 
groups of words convey a specific meaning. 
Such lexical terms then interface with speech 
sounds (phonology) to create expressed words 
in speech or sign. Language has been sug- 
gested as an optimal solution to the syntactic- 
semantics interface, achieved by a small num- 
ber of computational operations. By com- 
parison, current evolutionary models suggest 
that the variation in animal body form can be 
explained by different activation patterns for a 
few master genes during development. The 
corresponding idea in linguistics is that the 
cross-cultural variation in expressed human 
languages can be explained by a universal set 
of mental operations, some specific to lan- 
‘guage, others shared across domains including. 
‘music, mathematics, and morality (4, 9). 

Comparative evolutionary studies suggest 
that birds, rodents, and primates compute 
some components of human grammatical 
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competence, but cannot attach this capacity to 
their own communication systems (0-12). 
For example, birds and primates can compute 
a first-degree finite state grammar, where ele- 
ments in a string of sounds have specific 
orders, each predicted by simple statistical 
associations, This grammar is one of the sim- 
plest within a hierarchy of computational 
operations of increasing complexity and 
expressive power (/0, /3). The biggest puzzle, 
however, is why nonhuman animals cannot 
integrate these computational capacities with 
their capacity to communicate. So, although 
songbirds can combine different notes into a 
variety of songs, they don’t integrate this 
combinatorial capacity with conceptual 
abilities to create sounds with varied mean- 
ing. Understanding what neural connec 
tions are absent, or poorly developed, may 
help account for this evolutionary bottle- 
neck, and explain why human infants read- 
ily produce an infinite variety of meaning- 
ful expressions. 

Damage to Broca’s area and Wernicke's 
area in the human brain results in distinet 
patterns of language loss, suggesting that 
properties of the neocortex make language 
unique to humans, Artificial language stud- 
ies show that these cortical areas execute the 
computations that obey language universals 
(the principles accessed by all languages, 
such as specific word orders), but other 
brain areas are also activated by these com- 
putations (/4, /5). In fact, different cortical 
areas may compute different kinds of gram- 
mars, but such localization does not provide 
insight into linguistic theories aimed at uncov- 
ering principles that guide the mature state of 
language competence and its acquisition dur- 
ing development. 

Does language have its own dedicated 
brain circuits, or is much or all of this circuitry 
shared across domains (such as music and lan- 
guage)? For example, language and music 
rely on hierarchical representations, make use 
of combinatorial and recursive computations, 
and generate serially represented structures. 
But does each domain recruit a general-use 
ensemble of these processes or does each 
domain have its own set of processes? Further 
studies of selective brain damage and brain- 
imaging experiments should be informative. 

Genes associated with particular linguistic 
deficits can help pinpoint the molecular basis 
for language, and link issues in evolution with 
those in development. Yet, we are far from 
understanding how normal genes are associ- 
ated with linguistic features. When the gene 
FOXP? was linked to families with a particular 
language deficit, it seemed that genomics 
might account for linguistic structure. But the 
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relationship between FOXP2 and language 
turns out to be weak. For example, FOXP2 
exists in songbirds and echo-locating bats; 
although songbirds have richly structured 
sound systems that might be properly charac- 
terized by a finite state grammar, such gram- 
mars are not hierarchically structured, lack 
syntactic categories (e.g., nouns and determin- 
ers), and do not productively generate mean- 
ingful variation. Further, the disorders associ- 
ated with FOXP2 in humans include articula- 
tory disabilities and are not clearly syntactic, 
semantic, or computational (6, 17). The weak 
connection between FOXP2 and these aspects 


of language should not, however, come as a 
surprise given that most gene-phenotype rela- 
tionships involving complex phenotypes (such 
as language) are weak. Nonetheless, by break- 
ing language down into its component parts 
and finding potential homologs in other ani- 
mals (especially those that can be genetically 
manipulated), we may better understand the 
evolution, development, and neurobiological 
breakdown of linguistic function. 


halves) and language acq} 
example of how interdisciplinary work relates 
to specific theories in linguistics. All right- 
handed people have strong left-hemisphere lat- 
eralization of syntactic function, However, 
classic investigations of aphasia—the inability 
to produce or comprehend language—reveal 
that familially “mixed” right-handers (right- 
handers with left-handed family members) 
show more right-hemisphere involvement in 
language than pure right-handers (18, /9). 
Thus, in familially mixed right-handers, the 
right hemisphere’s involvement in language 
may be specific to lexical representations (20). 


Familially mixed right-handers access individ- 
ual words more readily than global sentence 
structure, whereas the reverse is true of famil- 
ially pure right-handers (2). Their critical 
period for language learning is also earlier than 
that of familially pure right-handers (22), 
which suggests that mixed right-handers are 
more likely to base their language learning on 
the acquisition of words as opposed to syntac- 
tic structure, These findings are supported by 
brain-imaging research showing that famil- 
ially pure right-handers have left-hemisphere 
activation during lexical access, whereas 
familially mixed right-handers show more 
bilateral hemisphere activation (23). At 
the same time, all subjects show left- 
hemisphere activation for syntactic pro- 
cesses. This confirms the basic hypothesis 
that mixed right-handers have more distrib- 
uted representations of lexical knowledge. 
What are the implications of such pop- 
ulation-level differences in lexical use, 
access, and representation for linguistic 
theory? In recent decades, syntacticians 
have struggled with the role of the lexicon 
in syntactic architectures. Proposals range 
from the traditional view that the lexicon 
is distinct from the computations of syn- 
tax, to the view that syntax itself is driven 
by lexical structures. The observed vari- 
ability in how the lexicon is accessed and 

represented suggests that it is indeed a 

biologically separable component of lin- 

guistic knowledge. 

Brain imaging, genomics, and new meth- 
‘ods for comparative studies have provided the 
‘means for better understanding the shared and 
‘uniquely human components of language. As 
some linguists angue, the variation in linguistic 
form among the world’s languages may be as 
superficial as the variation in animal body 
forms. The superficiality arises, in each case, 
because of universal computations that pro- 
vide the necessary suite of developmental pro- 
‘grams to generate the variation. As the biolin- 
guistic agenda advances, however, new gener- 
ations of linguists will be required to translate 
their formalisms into testable experiments by 
biologists and psychologists. Forexample, lan- 
guage deploys recursive operations and gener- 
ates hierarchical representations with specific 
configurations, Its not yet clear how to design 
experiments to test whether nonlinguistic 
organisms can acquire these representations, 
‘or what factors limit either their acquisition or 
implementation into communicative expres- 
sion, Conversely, psychologists and biologists 
will need to be sensitive to the limitations of 
their methods and the extent to which they can 
test linguistic theories. Thus, neuropsycholog- 
ical studies showing deficits in language need 
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to beaccompanied by comparable tests in non- 
linguistic domains to show that they are lan- 
guage-specific deficits. And studies using 
brain imaging must acknowledge that localiza 
tion of function does not provide explanatory 
power for the linguist attempting to uncover 
principles underlying the speaker's knowledge 
of language. These cautions aside, the biolin- 
guistic approach is clearly benefiting from 
modem technologies to advance our knowl- 
edge of what language is, how itis represented, 
and where it came from. 


References 
1. M.A. Atbib, Beha, Brain Sci. 28, 105 (2005), 
2. E. Bates, Discus. Neurosci, 10, 136 (1994), 


3. T.G.Bever, in Cognition and Language Development, 
R. Hayes, Ed. (Wiley, New York, 1970), pp. 277-360. 

4, N. Chomsky, Linguist Ing. 36, 1 (2005). 

5. .W. Deacon, The Symbolic Species: The Coevolution of 
‘Language and the Bran (Norton, New York, 1997). 

6. R.Jackendof, Foundations of Language (Oxford Univ. 
Press, New York, 2002). 

7. E.H.Lennenberg, Biological Foundations of Language 
(Wiley, New York, 1967). 

8. 5. Pinker, Language Leamabiity and Language Develop 
‘ment (Harvard Univ Press, Cambridge, MA, 1984). 

9. C. Boeck, M Piatli-Palmerin, Linguist Rex. 22, 447 
(2005). 

10. W.T. Fitch, M.D. Hauser, Science 303, 377 (2004). 

111. T.Q. Gentnes,K. M. Fenn, D. Margoliash, H.C. Nusbaum, 
‘Nature 440, 1204 (2006). 

112, R.A. Murphy, E. Mondragon,V.A. Murphy, Science 319, 
11849 2008). 

13. N. Chomsty, Syntactic Stractures (Mouton, the 


PERSPECTIVES f 


Hague, 1957). 

14. A. Frederic et oLProc. Nat Acad. Sci, 103, 2458 
(2006). 

15. M Musso eto, Not. Neurosci 6, 774 (2003). 

16, W. Enard et ol, Nature 418, 869 (2002). 

17, 5. Haeser eta, J. Neurosci, 24, 3164 (2004). 

118. A.R. Luria Traumatic Aphasia (Mouton, the Hague, 
1969), 


20, 1. G.Bever, C.Carithers,W. Coward, D. J, Townsend, in 
‘From Neurons to Reading, A. Galaburda, Ed, (MIT Press, 


Cambridge, MA, 1989). 

21, _D.}. Townsend, C. Carithers, T.G. Bever, Brain Lang. 
308 (2000). 

22. 0.5. Ross, T.G. Beve, Brain Lang. 89, 115 (2004). 

23. . Chan, thesis, University of Arizona (2007), 


10,1126/sience.1167437, 


BIOCHEMISTRY 


RT Slides Home.. 


‘Stefan G. Sarafianos' and Eddy Arnold? 


itmust convert its single-stranded RNA. 

genome into double-stranded DNA that, 
can be integrated into the host genome (1). 
This formidable task is achieved by HIV 
reverse transcriptase (RT), a multifunctional 
enzyme that has RNA-dependent and DNA- 
dependent DNA polymerase activities to syn- 
thesize minus and plus DNA strands, ribo- 
nuclease H (RNase H) activity to degrade the 
RNA strand of the RNA-DNA replication 
intermediate, a strand displacement activity to 
remove the remaining RNA and DNA frag- 
ments to allow synthesis of the plus DNA 
strand, and a strand transfer activity to move 
newly synthesized DNA within or between 
templates, Although 20 years of crystallo- 
graphic and biochemical studies have illumi- 
nated the molecular details of the chemistry of 
DNA synthesis, there have been relatively few 
insights into how RT finds the end of the 
nucleic acid substrate where it begins DNA 
synthesis, how it displaces nucleic acid frag- 
ments, or where and how it executes masterful 
leaps when transferring DNA between tem- 
plates. On page 1092 of this issue, Liu et al. 
(2) describe elegant single-molecule fluores- 
cence resonance energy transfer (FRET) 
experiments that provide a view of RT at 
work. They show that RT has a remarkable 


Fé HIV to replicate inside human cells, 
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ability to slide on nucleic acid duplexes, rap- 
idly shuttling between the two ends and flip- 
ping into the polymerase-competent binding 
mode when needed. 

Important structural features of RT (3, 4) 
and its molecular interactions with substrates 
and inhibitors have been elucidated through 
extensive crystallographic studies (4-7). HIV 
RT is an asymmetric heterodimer composed 
of p66 and pS subunits that have identical 
amino termini. The p66 subunit has enzymatic 
activity, containing the spatially distinct poly- 
merase and RNase H active sites, whereas the 
smaller p51 subunit plays a structural role. 
‘The p66 polymerase domain comprises four 
subdomains: fingers, palm, thumb, and con- 
nection. Although p51 folds into the same 
subdomains as the polymerase domain of p66, 
the positions of the subdomains relative to 
each other are different in p66 and p51. 

In this study, Liu et al. use a single-mole- 
cule FRET assay to measure the position and 
orientation of RT relative to its nucleic acid 
substrate. They immobilized nucleic acid 
labeled at one end of the template or primer 
strand with the FRET acceptor fluorophore, 
CyS, and immersed it in a solution containing 
RT molecules labeled witha FRET donor dye, 
Cy3, attached either at the RNase H domain or 
at the fingers domain of the p66 subunit. By 
monitoring the FRET efficiency, they were 
able to determine the enzyme's position on the 
nucleic acid substrate during each binding 
event. The same team (groups of Zhuang and 
Le Grice) recently used this approach to show 
that RT can rapidly switch between two orien- 
tations when it binds duplexes containing the 


SCIENCE VOL 322 


To access its target sites, HIV reverse 
transcriptase slides and flips on nucleic 
acid substrates, 


unique polypurine RNA sequences that are 
primers for plus-strand synthesis (8), Now 
they show that the enzyme can slide between 
‘opposite termini on long duplexes and that the 
flipping and sliding kinetics are altered in the 
presence of nevirapine, a non-nucleoside 
inhibitor of HIV RT (NNRTI). 

Here, the authors pose the question: How 
does RT efficiently locate the 3° terminus of 
nascent DNA on a long duplex substrate so 
that it can extend it? This question is particu- 
larly important because HIV RT has relatively 
low processivity and must frequently locate 
the polymerization site after dissociation. 
Also, RT cleaves RNA-DNA hybrids at many 
different sites, and it is not well understood 
how it accesses these sites (9, /0). 

In answer to these questions, Liu et al. ini- 
tially showed that RT binds an oligonucleotide 
that is the same size as its nucleic acid binding 
cleft (19 base pairs) only in the configuration 
that places its polymerase site at the 3’ end of 
the primer (“front-end” binding). However, 
when RT binds longer RNA-DNA (or DNA- 
DNA) substrates (38 or 56 base pairs), there is 
an equilibrium between front-end and back- 
end binding that favors front-end binding (see 
the figure). Therefore, the enzyme can stably 
bind either to the front end of the hybrid, 
poised for DNA extension, or to the back end, 
placing the RNase H domain close to the 3’ of 
the RNA (or DNA) template. 

By following changes in FRET over time, 
Liu et al. were able to detect repeated transi- 
tions between front- and back-end bound 
states within a single binding event, suggest- 
ing that shuttling can occur between these 
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“Front-end” binding 


<a P56 cormection 


5’ template strand 


RT stides on a nucleic acid substrate without dissociating. Binding at the 3° 
primer end (front-end binding) is favored over binding at the other end. 
However, in the presence of deoxyribonucleotide triphosphate (dNTP), RT 
becomes locked in a front-end binding conformation, whereas in the presence of 


states without dissociation (see the figure). 
‘The shuttling is a thermally driven diffusion 
process that does not require energy from 
nucleotide hydrolysis. RT can cleave RNA at 
multiple positions within a DNA-RNA hybrid 
(9), and the sliding function of RT may pro- 
vide a mechanism by which the enzyme can 
rapidly access these cleavage sites. 

The authors also identified factors that 
modulated the ability of the enzyme to slide 
on the nucleic acid substrate. A cognate 
nucleotide favors front-end binding in the 
polymerization mode (see the figure); i 
contrast, the NNRTI nevirapine destabilized 
the polymerization binding mode, presum- 
ably because it binds at the base of the p66 
thumb subdomain of RT and affects its abil- 
ity to grasp the nucleic acid. On the basis of 
these results, Liu ef al. conclude that for RT 
to escape from the polymerization mode, a 
relaxation of the fingers-thumb grip is likely 
to be required 

Other nucleic acid binding proteins are 
also thought to use a one-dimensional sliding 
diffusion along the nucleic acid to locate their 
targets (references 38 to 42 in Liu et al.). 
However, RT may add a twist to this mecha- 
nism. A tantalizing finding in the Liu et al. 
paper is that RT may bind the “wrong” way on 
the nucleic acid and still find its way to the 3'- 
OH of the nascent DNA, where it flips into the 
polymerization-competent orientation. This 
surprising trick may be used by RT to increase 
its efficiency of binding in a polymerization- 
competent mode. 

This unexpected property challenges our 
assumptions of RT gripping the nucleic acid in 
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a single defined way, and highlights a remark- 
able flexibility that may be the hallmark of mul- 
tifunctional enzymes. Nonetheless, itis consis- 
tent with the ability of the RT fingers and 
thumb subdomains to undergo large conforma- 
tional changes during the polymerization reac- 
tion. This finding may also shed light on how 
the enzyme is able to jump from one RNA 
‘genome to another during reverse transcription, 
resulting in increased recombination rates and 
evolutionarily important genome diversity. 
Interestingly, unlike RT, viral RNA-dependent 
RNA polymerases with related architecture for 
polymerase catalysis appear to form structures 
reminiscent of tightly closed rings (//) that 
ensure unidirectional synthesis (either replica- 
tion or transcription) after ini 

Dissociated RT does not simply have to 
relocate the polymerization site during strand 
displacement synthesis. It may have to locate 
disrupted polymerization sites where the 
primer terminus has been displaced from the 
template by the competing nontemplate 
strand. The authors’ data suggest that sliding 
allows RT to efficiently access the disrupted 
polymerization site and assist primer- 
template annealing, thereby facilitating RNA 
strand displacement synthesis. 

In another striking experiment, Liu et al. 
used the single-molecule FRET method to 
observea single RT molecule carrying out pro- 
cessive DNA synthesis or pausing in real time, 
as indicated by plateaus in the single-molecule 
FRET. This remarkable technical achievement 
bodes well for future studies that could focus on 
the mechanisms by which RT translocates or 
pauses on nucleic acid substrates. 


“Back-end” binding 


‘Nevirapine 


nevirapine it shifts toward back-end binding. p66 (fingers in cyan, palm in red, 
thumb in green, connection in yellow, RNase H in orange) and pS1 (brown) are 
the large and small subunits of the RT heterodimer bound to an RNA-DNA 
template (pink) primer (magenta). 


The Liu etal. report vividly illustrates that 
RT has a remarkable dynamic flexibility that 
contributes to more efficient replication by 
allowing it to bind nucleic acids in multiple 
conformations and to slide over long distances 
toward the ends of the nucleic acid duplexes. 
Future challenges will be to enhance the com- 
plexity of the system by including compo- 
nents that are known to affect the efficiency 
and outcome of the polymerization reaction, 
For example, how might the sliding and flip- 
ping functions be affected on genomic RNA 
with considerable secondary structure? Also, 
what is the mechanism by which the nucleo- 
capsid protein affects the strand transfer and 
processivity functions of RT (/2, 13)? 
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CLIMATE CHANGE 


Understanding Glacier Flow 


in Changing Times 


Richard B. Alley," Mark Fahnestock,” lan Joughin* 


nexpected accelerations in outlet gla- 
[ ciers of the Greenland and Antarctic 
ice sheets in the last decade, in 
response to processes not fully understood, 
prompted the Intergovernmental Panel on 
Climate Change (IPCC) Fourth Assessment to 
conclude that poorly characterized uncertain- 
ties prevented a best estimate or upper bound 
on sea-level rise, These changes in ice sheet 
outlet glaciers come ata time when smaller gla- 
ciers and ice caps are wasting quickly as well. 
The focus of present glacier research must be 
the rapid reduction of the uncertainty identified 
by the IPCC. Rapid progress will require iden- 
tification of the most relevant of the recent 
changes, effective moves toward understanding 
the controlling physics, and careful considera- 
tion of the differing time scales involved. We 
briefly review recent changes with a view 
toward an effective path forward. 

About 6 years ago, Zwally etal. discovered 
that lubricating surface meltwater can reach 
the base of the Greenland Ice Sheet, thereby 
speeding up summer ice flow (/), Subsequent 
work confirms the broad picture of seasonal 
lubrication (2) but shows that annual motion is 
enhanced only by 10 to 20% (3). More impor- 
tant, the fast outlet glaciers responsible for 
most of the ice discharge to the ocean are rela- 
tively insensitive to summer melt, making it 
unlikely that enhanced seasonal lubrication 
will destabilize the ice sheet (2). 

Meltwater drainage to the bed can play a 
second and possibly more important role, 
however, speeding ice flow by delivering heat 
rapidly to the bed. The water in surface lakes 
(see the figure) can wedge open crevasses, 
fracturing through to the bed catastrophically 
(4), Were this phenomenon to spread inland in 
a warming world, it would deliver sufficient 
heat to thaw areas where the bed is currently 
frozen (5). In this event, twofold accelerations 
would not be surprising, with the slight 
chance of an order-of-magnitude or more 
locally if extensive regions with soft sedi- 
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ments were to thaw (6). Some issues rem 
Reliable mapping of the basal characteristics 
of regions now frozen but that might thaw is 
unavailable, and our present understanding is 
not sufficient to tell us whether inland migra- 
tion of melting will be accompanied by the 
changes in ice flow required to open cracks 
beneath any new lakes. 

Lakes exist not only on top of but also 
beneath the ice. Increasingly seen to be wide- 
spread and dynamic, these sub- 
glacial lakes occur at and may 
be linked to the upglacier limit 
of rapid ice flow (7). However, 
release of stored lake water in out- 
burst floods (8) does not seem to 
have major ice-flow effects. It is 
even possible that an ice sheet with 
more subglacial lakes will be less 
variable, because the lakes focus 
water drainage in space and time 
and thusreduce lubrication overall. 

Far more ominous for future 
sea levels are the changes that 
originate where ice meets ocean. 
Ice shelves, the floating-but-still- 
attached parts of the ice sheets 
extending over the ocean, restrain 
the nonfloating ice through fric- 
tion with local bedrock highs or 
with fjord walls. Because ice 
shelves are near sea level and in 
contact with the ocean, they are 
the elements of the coupled sheet- 
shelf system that are most suscep- 
tible to warming. Extensive sur- 
face melting can fill surface crevasses and 
destroy an ice shelf through the same fracture 
process that allows surface lakes to drain to 
the bed (9). Furthermore, even small changes 
in water temperature below the ice shelf can 
speed basal melting by roughly 10 meters per 
year for each 1°C warming (10). 

‘Such wasting of shelves has no direct 
effect on sea level, but the loss of restraint and 
associated acceleration of inland flow to the 
‘ocean has triggered doublings of flow speed, 
with one change reaching eightfold (//). 
Large diurnal changes in flow speed of 
Antarctic ice streams feeding ice shelves 
‘occur in response to the small changes in 
loading at the ends caused by the tides (2), 
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Subannual lurches of the Greentand and 
Antarctic ice sheets may reduce uncertainties 
about climate change effects on sea-level rise. 


showing that these ice streams will respond 
rapidly ifthe buttressing from their ice shelves 
is reduced. Ice shelves are farless prevalent in 
Greenland than in Antarctica, but loss of float 
ing and grounded ice at marine-terminating 
outlet glaciers has had similarly large effects 
(13). Present seasonal acceleration in the 
flow speed of Jakobshavn Glacier in Green- 
land begins in response to loss of sea ice 
damming the fjord. This commences well 


Lakes on the western flank of the Greenland Ice Sheet. The 
nearest lake is roughly 1500 m across and 10 m deep. Meltwater 
from these lakes can drain catastrophically into the ice sheet, caus- 
ing brief but strong local disturbance of the ice flow. More impor- 
tant, these drainage events establish a meltwater pathway from 
surface to bed. Inland migration of this phenomenon might thaw 
rnow-frozen regions of the ice-sheet bed and speed up flow. The 
wing of a De Havilland Twin Otter occupies the top of the frame, 


before the springtime onset of surface melt (14). 

In the absence of validated models incor- 
porating these processes, scientists have 
turned to a range of ice-flow scaling exercises 
and back-of-the-envelope estimates to con- 
strain estimates of future ice-sheet contribu- 
tions to sea-level change (see supporting 
‘online material). Although these estimates are 
instructive and useful, there is a lack of strong 
convergence among them, and a wide range of 
possible answers remains. 

Progress toward more rigorously quantita- 
tive estimates will not be easy. When each 
major new project turns up something unex- 
pected, we can be confident that the field is 
undersampled. For decades, the major atmo- 
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sphere-ocean general-circulation modeling 
‘groups have assumed that ice sheets are static, 
white mountain ranges; reversing this ap- 
proach by having such groups develop sophis- 
ticated treatments of ice sheets would unleash 
great talent on this crucial problem. Such a 
modeling effort, however, must be coordi- 
nated tightly with remote-sensing, field- and 
laboratory-based efforts to understand the 
processes that control ice flow. 

Perhaps the key uncertainty remains the 
interaction between the ice and its underlying 
bed, which controls how basal velocity will 
change as ice-sheet stresses evolve. Geo- 
physical exploration is essential but, realisti~ 
cally, cannot sample everything. Inversions 
from remotely sensed data provide modern 
snapshots (5) but do not elucidate the depend- 
ence of basal velocity on changing stress. If we 
‘wait for the ice sheets to evolve through a wide 
enough range of stresses, then we or some 
future generation of glaciologists will retrodict 
changes rather than predict them usefully. 

Fortunately, the lake drainages, calving 
events, tidal responses, and other recently 
observed phenomena discussed above are 
exciting the ice sheet, providing short-period 
samples of a wide range of stress and lub- 
rication states and the associated velocity 


response necessary to characterize the system. 
Such short-period changes, however, are so 
fast that they have been difficult to observe 
fully and may involve elastic responses that 
are not captured by comprehensive ice-flow 
models. A more holistic approach that uses 
appropriately designed experiments that 
assimilate ground-based and remotely sensed 
data into improved models may provide the 
improved understanding needed to constrain 
future sea-level changes. 

Although crucial, such experiments are 
increasingly difficult, as field efforts are elimi- 
nated or delayed in the face of rising fuel costs 
(6). The US. National Aeronautics and 
‘Space Administration's Decadal Survey mis- 
sions addressing ice [the Ice, Cloud, and land 
Elevation Satellite Il (ICESAT-II) and the 
Deformation, Ecosystem Structure, and Dyn- 
mics of ee (DESDynl) mission] are a number 
of years from providing data to replace those 
endangered by failing satellites and access 
limitations. In the interim, this gap could be 
partly closed through closer coordination and 
improved data distribution among the various 
space agencies that operate the international 
constellation of remote-sensing spacecraft. 

For a student of ice flow, these are exciting 
times, with the pace of discovery seemingly 


accelerating, For a student of policy, the possi- 
bility looms of a fifth IPCC assessment lack- 
ing projections of sea-level rise sufficiently 
constrained for effective policy design, Wise 
choices may yet beat this unpleasant outcome, 
A coupled observation and modeling ap- 
proach that lets the ice sheets tell us the answer 
may be the quickest path. 
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MICROBIOLOGY 


A Protein Pupylation Paradigm 


‘Sohini Mukherjee’ and Kim Orth? 


uberculosis,a devastating infectious 
Tas caused by Mycobacterium 

tuberculosis (Mtb), isa global health 
threat that presently afflicts one-third of the 
world’s population. The culprit bacterium 
is an obligate and persistent pathogen that 
maintains viability, in a latent state, within 
phagocytes—cells that ingest foreign 
materials and microorganisms—that reside 
in the lungs of humans. Treating tuberculo- 
sis requires prolonged antibiotic therapy 
that can result in multidrug-resistant Mtb 
strains. Because the bacterium is highly 
infectious, grows extremely slowly, and is 
difficult to manipulate genetically, the dis- 
covery of new drugs to combat Mtb infec- 
tion is challenging. Thus, identifying Mrb 
components as potential drug targets is one 
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of the key approaches to developing new 
tuberculosis therapies. On page 1104 of 
this issue, Pearce ef al. (1) report the dis- 
covery of a protein (Pup) in Mtb that modi- 
fies other bacterial proteins to target them 
for degradation. The process is similar to 
that in eukaryotes, in which the protein 
ubiquitin modifies proteins and targets 
them for proteolysis (see the figure). The 
discovery of this process in prokaryotes 
opens the door to further characterizing a 
protein regulatory mechanism that could be 
targeted by pathogen-specific drugs. 

The proteasome is an adenosine 5’ 
triphosphate (ATP-dependent protein de- 
gradation complex present in eukaryotes, as 
well as in several archaebacterial and eubac- 
terial species, including Mth (2). The Mtb 
proteasome system, however, is not well 
characterized, and its functions remain elu- 
sive. Nitric oxide, an important signaling 
molecule, slows the growth of Mtb; genetic 
inactivation of an enzyme that produces 


Tagging proteins with ubiquitin molecules so 
that they will be degraded in the proteasome is 
not a mechanism unique to eukaryotes. 


nitric oxide (inducible nitric oxide synthase) 
increases the susceptibility of mice to Mtb 
infection (3). Two Mtb proteins, Mycobacter- 
ium proteasomal adenosine triphosphatase 
(ATPase) and proteasome accessory factor 
A, were identified in screens for factors that 
increase susceptibility of the bacterium to 
the lethal effects of nitric oxide. Mycobac- 
terium proteasomal ATPase forms hexamers 
and exhibits ATPase activity similarto that of 
the eukaryotic ATPases involved in pro- 
teasome function (3). ATPase activity is 
required for the recognition, unfolding, and 
translocation of substrates into the proteaso- 
mal core in eukaryotes. Mtb bacteria that are 
resistant to nitric oxide, and consequently 
exhibit increased virulence in mice, require 
proteasomal activity, thereby linking protein 
degradation to pathogenesis. Interestingly, 
autophagy, another form of protein degrada- 
tion in eukaryotes, is linked to a mechanism 
that inhibits the survival of Mtb within host 
cells independent of nitric oxide (4). 
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Degradation parallels. Proteins in eukaryotes and prokaryotes are similarly 
modified by the small proteins ubiquitin (Ub) and Pup, respectively, targeting 


‘To understand how proteins are targeted for 
degradation in Mb, Pearce et al, successfully 
defined the proteasome system in the bac- 
terium, identified the first prokaryotic ubiqui- 
tin-like protein, and discovered a mechanism 
for activating and conjugating this protein to its 
substrates based on a unique chemistry. The 
authors identified Pup, a 6.9-KD protein, while 
searching for potential binding partners for 
‘Mycobacterium proteasomal ATPase. The car- 
boxyl-terminal sequence (Gln-Lys-Gly-Gly- 
Gin) of Pup is very similar to the motif (X-X- 
Gly-Gily, where X is any amino acid) found at 
the end of most ubiquitin-ike proteins. The car- 
boxyl terminus of ubiquitin-like proteins is 
processed to expose the Gly-Gily portion of the 
motif, which prepares it for conjugation to sub- 
strates. The carboxyl-terminal glycine can 
covalently link, via an isopetide bond, to a 
lysine in the target protein (5). 

Pearce et al, demonstrate that Pup must be- 
come activated as well, but the enzymatic 
ity responsible for its conversion to an 
active form remains to be identified. As well, 
enzymes that conjugate activated Pup to sub- 
strates—similar to the ligases (El, E2, and 
£3) that conjugate ubiquitin to substrates— 
have not been identified either. By contrast, 
homologs of the proteasome core and associ- 
ated ATPases have been identified in Mrb (and 
in other bacteria). This suggests that the mech- 
anism of attachment of Pup to substrates is 
different from that of eukaryotes, or that the 
‘Mtb enzymes involved share little amino acid 
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likely to be different. 


similarity with their eukaryotic counterparts. 
Undetectable amounts of Pup-conjugated 
proteasome substrates in strains of Mtb that 
lack functional proteasome accessory factor A 
hint at the involvement of this factor in the 
modification process. 

Pearce et al, used mass spectrometry to 
characterize Pup activation and its conjugation 
to a Mtb proteasome substrate. The authors 
demonstrate the formation of an isopeptide 
bond between a lysine residue on the sub- 
strate and the carboxyl terminus of Pup—an 
event called “pupylation.” Strikingly, although 
Pup has a penultimate Gly-Gly motif, the link- 
age giving rise to pupylation is atypical in that 
Pup is attached to a substrate via a glutamate 
within a Gln-Lys-Gly-Gly-Glu motif. Clearly, 
this mechanism is distinct from ubiquitination 
in at least two ways (6). Pup protein is not pro- 
teolytically activated to reveal a carboxyl- 
terminal Gly-Gly motif that is used in the sub- 
sequent conjugation step. Also, the amino acid 
at the carboxyl terminus of Pup that is conju- 
gated to the target protein is glutamate, not ghi- 
tamine. This supports the authors” hypothesis 
that Pup is deamidated before or during conju- 
gation to substrates. Similar to ubiquitin, the 
activated form of Pup is covalently attached to 
a specific lysine residue of a proteasome sub- 
strate, Thus, although pupylation differs from 
ubiquitination in terms of the mechanism 
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them for destruction by the proteasome. However, the specific mechanisms are 


PERSPECTIVES f 


Proteasome 


Polyubiquitinated proteins are 
degraded by the proteasome 


Proteasome 
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Besides protein degradation, pupylation 
may have other functional consequences for 
proteins, ranging from subcellular sorting to 
secretion, For example, unlike eukaryotes, 
bacteria do not have subcellular organelles or 
anuclear membrane, yet certain proteins need 
to be properly localized for bacteria to be 
viableand proliferate. Like eukaryotic ubiqui- 
tination, NEDDylation, or SUMOylation, the 
discovery of this prokaryotic posttranslational 
protein modification raises many questions 
about how proteins are targeted for pupyla- 
tion, Like ubiquitin, does Pup get removed 
from proteins and recycled? Also, the en- 
zymes that use this unique chemistry for con- 
jugation may represent candidates for drug 
targeting. Most importantly, the study by 
Pearce et al, presents an exciting new para- 
digm for protein regulation by bacteria. 
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Physiographic Control on the 
Development of Spartina Marshes 


Gerardo Fragoso™* and Tom Spencer* 


(partina grasses, which form extensive 

marshes throughout the temperate world 

and often constitute the lowest vascular 
‘cover relative to sea level, have been prominent in 
the development of curent ideas on coastal wet- 
land development and response to physiographic 
change. Over the past five decades, a substantial 
body of research has indicated that Spartina pro- 
duction is primarily regulated by submergence 
and the resulting edaphic conditions (J-3). The 
physical sedimentary environment is in tum con- 
sidered to affect production through its effect on 
rmarsh-surfiace elevation relative to sea level. How- 
ever, our results working with Spartina anglica 
(2) show that production and marsh perennation 
are controlled by variation in surface level relative 
to the plant’s meristematic base and are not hin- 
dered by prolonged submergence (4), Experimental 
ground-level displacement above the original 
marsh surface resulted in displacement of Sparti- 
‘na’s basal meristematic zone to a higher base 
(ig. 1) consistently located about 2 em below 
the new surface, from which a new clonal 
cohort emerged, leaving below the old base 
With its earlier, senescent cohort, 

Although accretion is known to foster pro- 
duction, the effect has been attributed to the 
ameliorating effects of inercased elevation on 
the putative negative impact of increased sub- 
mergence, from sea-level rise, on plant vigor 
(5). However, orthogonal disaggregation of 
surface-level displacement and submergence 
conditions shows that, after taking into account 
the effect of submergence, growth was signif 
icantly greater in plants subject to upward 
surface-level displacement of only 2.5 cm than 
in plants in control treatments, whereas plant 
‘growth affer a reduction in surface level of 
1.0 cm was significantly lower than that in 
controls. In turn, after the effect of surface- 
level changes was taken into account, plants 
under continuous submergence showed signif: 
icantly greater growth than those under in- 
termittent inundation, whereas no significant 
difference in shoot growth occurred under con- 
tinuous submergence whether the growing 
medium was aerated or stagnant. Although 
Spartina establishes perennial marshes, peren- 
nation depends chiefly on vegetative repro- 
duction of individual clonal modules, which 
have a life span of 1 or 2 years (2). We sug- 
‘gest that basal-meristem displacement pro- 
vides the basis of marsh perennating strategy 
because an accretionary environment enables 
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regular meristematic, and therefore vegetative, 
renewal. In tum, with a location only about 2 em 
below ground surface required for basal-meristem 
establishment, even a small degree of erosion can 
expose the basal zone, hindering production. We 
thus suggest that production of clonal cohorts 
from the same, aging base in poor sedimentary 
environments Icads to marsh senescence. 

The applicability of our findings to other 
marsh plants remains to be tested. However, the 
momhological and paradigmatic parallels. be- 
tween S. anglica, its genetic parents, and other 
low-lying thizomatous halophytes suggest that 
this mechanism may be involved more generally 
in the process of marsh development. Analysis 
of Spartina marshes has shown that marsh dis- 
tribution is not related t0 sea level, although 
confirming that primary forcing is exerted by a 
then-undetermined factor regulated by tidal range 
(2,6). Our findings indicate that the sedimentary 
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Fig. 1. Number of donal modules (.e, shoots and buds) 
per tem produced from (A) the new basal merstematic 
zone, counted as the first “node,” which consisted of a 
‘nodular agglomeration formed consistently at ~2 cm 
from the new surface, regardless of treatment (B) second 
and third nodes below the base; and (© fourth and lower 
nodes in S. angiica plants subjected to surface displace 
‘ment of 8 and 16 cm above the original marsh surface. 
Results are presented as box plots (9), each consisting of 
a box, divided at the median, whose left- and right-hand 
sides are drawn at the lower and upper quartiles. Dotted 
fines are drawn from the lower and upper quartiles to the 
smallest and largest observations within 1.5 interquartile 
ranges of each side of the box. All further values are 
Plotted individually (), Abundant roots of different diam- 
ters, ranging down to small filaments, also emerged 
from the new base. Modules forming from subsequent 
individual nodes below the base (nodes 2, 3, 4, etc) were 
separated by interodal stem sections >1 am long. 
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environment, which is tidally regulated, direct- 
ly controls production and vegetative renewal, 
whereas prolonged submergence does not hinder 
growth of vegetative modules that emerge from 
new basal meristems. Edaphic products of sub- 
mergence, such as interstitial sulfide, apparent- 
ly deleterious in hydroponic conditions, have 
been found to be innocuous or even beneficial 
in solid substrate (7). Moreover, susceptibility 10 
hypoxic conditions has been observed when ex- 
perimental subjects are short forms (8), which 
commonly grow in poor accretionary environ- 
‘ments and are therefore likely to originate from 
aging meristematic bases, Sedimentation and 
‘submergence often operate collinearly in the field: 
Stagnant areas are often sediment-starved, and 
sedimentary-active areas are often well drained, 
Thus, correlational observations may attribute 
the effects of sedimentary conditions on produc 
tion to submergence unless both variables are 
experimentally disaggregated, When measured 
across several marshes, data on production and 
on sulfide distributions show no consistent re- 
lationship, with greater differences occurri 
between, rather than within, marshes (7), Our 
findings may also provide an explanation for the 
phenomenon of Spartina die-back, the causes 
for which have remained elusive for more than 
half a century (2, 3, 7). Although marsh produc 
tion is known to be affected by a wide variety of 
both bottom-up and top-down factors, current 
theory of marsh ecology holds that stress from 
submergence is a major control, Our results sug- 
gest that plant responses to changes in sedimen- 
tary conditions determine marsh development 
and survival in the short term, independently of 
long-term changes in relative sea level. 
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Reconstruction of Zebrafish Early 
Embryonic Development by Scanned 
Light Sheet Microscopy 


Philipp }. Keller,** Annette D. Schmidt,” Joachim Wittbrodt,*?>** Ernst H.K. Stelzer 


‘A long-standing goal of biology is to map the behavior of all cells during vertebrate 
‘embryogenesis. We developed digital scanned laser light sheet fluorescence microscopy and 
recorded nuclei localization and movement in entire wild-type and mutant zebrafish embryos over 
the first 24 hours of development. Multiview in vivo imaging at 1.5 billion voxels per minute 
provides “digital embryos,” that is, comprehensive databases of cell positions, divisions, and 
migratory tracks. Our analysis of global cell division patterns reveals a matemally defined initial 
morphodynamic symmetry break, which identifies the embryonic body axis. We further derive a 
model of germ layer formation and show that the mesendoderm forms from one-third of the 
‘embryo's cells in a single event. Our digital embryos, with 55 million nucleus entries, are provided 


as a resource. 


‘odel systems such as Caenorhabditis 
elegans and Ciona intestinalis lend 
themselves wel to comprehensive analy- 

ses at the cellular level, for example, by con- 

ventional microscopy (J, 2). However, global 
studies of complex vertebrate species encoun- 
ical limitations. Whereas the forma- 

Je organs has been reconstructed by 
imaging and tracking nuclear fluorescent pro- 
teins for several hours (3-6), obtaining quan- 
titative morphogenetic data representing the 
full embryos over the entire time course of em- 
bryogenesis remains a major challenge. 

For comparison, 671 cells need to be fol- 
lowed during C. elegans embryogenesis, whereas 
the analysis of complex vertebrate embryos re 
quires the simultancous tracking of tens of thou- 
sands of cells. High spatiotemporal resolution, 
ultralow photobleaching rates, and an excellent 
signal-to-noise ratio are crucial. In order to fol- 
ow the nuclei of the 16,000 cells of an 18-hour- 
old zebrafish embryo, a volume of 1000 by 1000 
by 1000 um? must be recorded at least once 
every 90 s because nuclei move several micro- 
meters per minute, In onder to reliably detect all 
nuclei, the set of images must be acquired at a 
step size of no more than 3 um along the z 
axis, resulting in ~350 images per time point. 
In addition, an image size of at least 1500 by 
1500 pixels is necessary to elucidate nuclear 
morphologies. Thus, the observation must be 
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performed at a continuous imaging speed of 
at least 10 million volume clements (voxels) 
per second. A dynamic range of at least 12 bit 
covers the varying expression levels of ge- 
netically encoded markers. At the same time, 
photobleaching and phototoxicity (7) must be 
minimized to ensure the physiological devel- 
‘opment of the embryo. Finally, the embryo's 
central yolk cell is opaque at physiological 
wavelengths; therefore, imaging along mul- 
tiple directions is needed to capture the de- 
velopment of the entire embryo. 

The most widely applied advanced fluo- 
rescence imaging techniques rely on confocal 
and multiphoton microscopes, which provide 
three-dimensional resolution but lack the com- 
bination of high-speed imaging and low pho- 
totoxicity required for the fast recording of 
entire embryos over long periods of time, They 
are also unsuited for multiview imaging (8). 
To overcome some of these limitations, we 
recently introduced light sheet-based technol- 
ogies to biological imaging (SPIM) (9). With 
these microscopes, the specimen is illumi- 
nated along a single plane with a sheet of 
light that is typically generated via a set of 


Fig. 1. Digital scanned 
laser light sheet micros- 
copy. The laser beam il- 
luminates the specimen 
from the side and excites 
fluorophores along a sin- 
gle line. Rapid scanning 
of a thin volume and flu- 
orescence detection at a 
right angle to the ilumi- 
nation axis provides an 


laser scanner 


Sa 


apertures and by focusing a collimated beam 
with a cylindrical lens. This arangement pro- 
vides three-dimensional optical sectioning and 
reduces the energy load on the specimen (9-11). 

Digital scanned laser light sheet fluorescence 
microscopy. To achieve the imaging speed and 
quality for recording entire embryos, we devel- 
‘oped digital scanned laser light sheet fluorescence 
microscopy (DSLM) (fig. S1). The idea behind 
DSLM is to generate a “plane of light” with a 
laser scanner that rapidly moves a micrometer- 
thin beam of laser light vertically and horizontally 
through the specimen (Fig. 1 and movie Sl), 

This approach has several advantages over 
standard light sheet microscopy. First, DSLM 
illuminates each line in the specimen with the 
same intensity, a crucial prerequisite for quan- 
titative imaging of large specimens (fig. S2) 
Second, in contrast to standart light sheet-based 
microscopy, DSLM does not rely on apertures 
to form the laser profile, which reduces optical 
aberrations and thereby provides an exceptional 
image quality. Third, the entre illumination power 
of the light source is focused into a single line, 
resulting in an illumination efficiency of 95% 
as compared with ~3% in standard light sheet 
microscopy. Fourth, DSLM allows to generate 
intensity-modulated illumination patterns (struc- 
tured illumination) (12), which can be used to 
enhance the image contrast in highly light- 
scattering specimens, such as large embryos. 
Furthermore, DSLM combines (i) an imaging 
speed of 63 million voxels per second, (ii) a 
signal-to-noise ratio of 1000:1 at a lateral and 
axial resolution of 300 and 1000 nm, respective 
ly, and (ii) ultralow excitation energies confined 
toa single plane (1.7 j1J at 488 nm passing each 
plane in our zebrafish experiments) (8) 

In order to analyze zebrafish embryonic de- 
velopment, we recorded stacks of ~400 images 
(2048 by 2048 pixels each) in intervals of 60 or 
90 s and along two opposing directions (Fig. 2 
and movies $2 and $3). The embryos were 
embedded in agarose, kept at a constant temper- 
ature (26:5°C) [see (3) for developmental stages] 
throughout the experiment, and exhibited normal 
development (8). Nuclei were labeled at the one- 
call stage by mRNA injection of H2B-cGFP, a 
fusion protein of human histone-2B and the en- 


optically sectioned image (movie $1). The f-theta lens converts the tilting movement of the scan 
mirror into a vertical displacement of the laser beam. The tube lens and the illumination objective 
focus the laser beam into the specimen, which is positioned in front of the detection lens. 
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of internalization and dorsal stretching (movies 
S5 and $6). Convergence is highly abnormal 
and prolonged, with ventral cells moving across 
the animal pole toward the epiblast’s center 
(movie $6). 

In conclusion, we show that wild-type hypo- 
blast cells are deposited in a single embolic 
‘wave that occurs before epiboly moves the blas- 
topore to the vegetal hemisphere, The embryo is 
therefore split into a dorso-anterior domain char- 
acterized by antiparallel movements of germ 
layers and a dorso-posterior domain, where the 
parallel migration of epi- and hypoblast stretches 
the hypoblast. In the trunk and tail regions, par- 
allel germ layer migration and convergence 
and/or extension move the mesendoderm, de- 
posited in a ring around the blastopore, to an 


from anterior to posterior like a zipper. 

Our analysis puts previous cell-tracking stud- 
ies (31, 32) into a global perspective. Reganting 
mesendodemm formation in zebrafish, a three 
stage model is proposed (Fig. 6): Mesendo- 
derm forms by (i) global deposition in a single 


event, (ii) dorsal stretching, and (iii) antero- 
posterior “vippering.” 

Different modes of intematization charac- 
terize the initial deposition, with synchronous 
events (involution and/or synchronized ingres- 
sion) occurring on the ventral side, and dis- 
ruption of synchrony (asynchronous ingression 
and/or radial intercalation) on the dorsal side. 
Our analysis of the entire embryo describes the 
migratory behavior of 92% of all cells through- 
‘out gastrulation and leads to a comprehensive 
model that complements and partially revises 
the general view of zebrafish gastrulation 
(30, 33). In particular, our finding of a single 
embolic event contradicts the current assump- 
tion of a continuous intemalization during epib- 
oly (30, 33-35). 

Conclusions. We developed and applied 
DSLM as a fluorescence microscopy system 
for the high-speed in vivo observation of em- 
bryonic development at subcellular resolution, 
which enabled cell tracking in the entire carly 
zebrafish embryo. Applying the automated im- 
‘age segmentation pipeline provides a “digital 
embryo” that visualizes complex developmen- 
tal events in a global context. We demonstrate 
application of the method to a quantitative 
reconstruction of early cell division patterns. 
This analysis reveals an initial morphodynam- 
ic symmetry break, before the onset of zygotic 
transcription, coinciding with the embryonic 
body axis. We also follow germ layer formation 
‘on a quantitative level and provide a compre- 
hensive model of hypoblast formation in zebra- 
fish embryos. We show that the mesendoderm 
forms from one-third of the embryo’s cells in 
a single embolic event by means of regionally 
different modes of internalization, 

Our digital embryos constitute complex data 
sets with information about millions of nuclear 
positions, as well as thousands of cell tracks and 
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cell divisions per embryo. These data are pub- 
licly available in a central repository as a re- 
source for further analyses (36). 

Detailed recordings of embryonic devel- 
‘opment will allow the measurement and the 
modeling of the mechanical forces that drive 
morphogenesis, e.g., by complementing exist- 
ing data with information about_membrane 
dynamics. Further applications range from the 
construction of databases of organ development 
(using tissue-specific fluorescent lines) and 
the analysis of mutant phenotypes (37-39) to 
the quantification of the variability of verte- 
brate cell lineages. Moreover, with its high- 
throughput and high-content capabilities DSLM 
presents a powerful tool for systems biology 
and enables complete in vivo reconstructions 
of gene expression dynamics that incorporate 
the steadily growing number of gene and en- 
hancer trap lines (40-42). In addition, DSLM 
should be suitable for analyses of entire mouse, 
chicken, and Xenopus carly embryogencsis— 
the unfavorable light-scattering tissue proper- 
ties of Xenopus can be partially overcome by 
DSLM’s intrinsic structured illumination and 
multiview imaging capabilities. The compari- 
son of individuals within species and across 
species borders might allow us to reveal the con- 
served and emerging morphogenetic nules of 
embryogenesis. 
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Kinetics of Individual Nucleation 
Events Observed in Nanoscale 
Vapor-Liquid-Solid Growth 


B. J. Kim,? }. Tersoff,” S. Kodambaka,** M. C. Reuter,” E. A. Stach,*f F. M. Ross*t 


‘We measured the nucleation and growth kinetics of solid silicon (Si) from liquid gold-silicon (AuSi) 


catalyst particles as the Si supersaturation increased, which is the first step of the vapor-| 


quid-solid 


growth of nanowires. Quantitative measurements agree well with a kinetic model, providing a 
Unified picture of the growth process. Nucleation is heterogeneous, occurring consistently at the 
edge of the AuSi droplet, yet it is intrinsic and highly reproducible. We studied the critical 
supersaturation required for nucleation and found no observable size effects, even for systems 
down to 12 nanometers in diameter. For applications in nanoscale technology, the reproducibility 
is essential, heterogeneity promises greater control of nucleation, and the absence of strong 


size effects simplifies process design. 


-ucleation is central to all types of growth 
Ne but it isa fleeting event and 

thus difficult to observe in detail. Phase 
transitions in macroscopic samples. typically 
involve a large number of distinct nucleation 
‘events, and the properties of the final material 
(such as grin-size distribution) are determined 
by the statistical ensemble of nucleation events. 
fliciently small will 
rm by a single nucleation event. This 
raises issues such as statistical variability and size 
effects (J-3), These classic issues take on new 
urgency in the context of nanoscale technology, 
in which an entire functional structure such as a 
nanowire transistor may depend on a single nu- 
cleation event. Only recently, using innovative 
microscopy techniques, has it become feasible to 
study individual nucleation events in nanoscale 
systems (4-10), 

We used ultrahigh-vacuum transmission elec 
tron microscopy (UHV-TEM) to examine the 
‘growth of Si from a AuSi cuteetic liquid, a sys- 
tem of particular relevance forthe initial stages of 
nanowire growth by the vapor-liqui 
cess (VLS) (J/) and one in which devices such 
as wrap-gate field-effect transistors have been 
demonstrated (/2-14). By comparing quantita- 
tive measurements of nucleation and growth with 
simple kinetic model, we determined the critical 
supersaturation of Si in AuSi required for nu- 
cleation and explained in detail the subsequent 
‘growth kinetics. Hofmann et al, (10) recently re- 
ported in situ observations of nucleation and 
growth in a similar system, addressing the 
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“incubation time” for nucleation, which primarily 
reflects the vapor-liquid kinetics and is not sen- 
sitive to the nucleation process. Here, we have 
extracted key information about the nucleation 
process itself, which allows us to examine size 
effects and reproducibility, both of which are 
important for a fundamental understanding of 
nucleation and for reliable fabrication of nano- 
wires for applications. 


Fig. 1. (A to ©) Bright- 
field images extracted 
from a video obtained 
during nucleation of Si 
from polycrystalline Au 
clusters at 525°C and 
4 x 10° torr disilane. 
Scale bar, 20 nm. (A) 
Image acquired before 
‘opening the leak valve, 
showing polycrystalline 
‘Au particles, as indicated 
by their faceted shapes 
and by the interparticle 
variations in their bright- 
field contrast. (B) image 
acquired after 65 5, show: 
ing the formation of the 
liquid AuSi alloy as re- 
flected by the rounded 
shapes in projection and 
the disappearance of 
crystalline contrast. (C) 
Image acquired after 
845, showing the appear- 
ance of a Si nucleus with 
lighter contrast at the 
edge of one AuSi drop- 
let. (D to F) Enlarged 
images of the boxed re- 
gions of (A) to (O, re- 
spectively. Arrows in (F) 
indicate the interface 
between liquid AuSi and solid Si. 


ys, 21/00 Bhens: 


Experiments were carried out in a UHV-TEM 
that is equipped with facilities for introducing the 
reactive gas disilane (SizH,) to a heated sample 
while it remains under observation (15-17). Nu- 
lation and growth kinetics of Si were observed 
in nanoscale Au crystallites supported on an 
clectron-transparent amorphous SiN, membrane. 
Figure | shows a series of images as a function of 
disilane exposure time, showing the initial trans- 
formation of polycrystalline Au istands (Fig, 1A) 
into cutectic droplets of AuSi (Fig. 1B), followed 
by the appearance of Si nuclei (Fig. 1C), Enlarge 
ments in Fig. 1, D to F, show one reaction 
quence in more detail, and movies $1 and S2 
illustrate a complete video sequence and a mag- 
nified view of a single nucleation event. The gen- 
eral behavior is consistent with that reported 
(10), but we took advantage o' solved 
‘measurements to focus on the kinetics of the ini- 
tial nucleation, In all cases, we found that Si nu- 
leation occurs at the edge of the droplet, which 
suggests that this is the energetically favorable lo- 
cation that minimizes the nucleation barrier (18), 
At later times, the Si nuclei grew into elongated 
wires, We did not analyze this stage of growth be- 
cause of the random wire direction and geometry, 
but instead focused on the regime in which the nu- 
clei are sill small particles within the AuSi droplets 
Figure 2A. shows a representative series of 
images ofa Si nucleusafter formation, and Fig. 2, 
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B and C, shows quantitative measurements of the 
radius 7 (defined in the figure caption) versus 
time r of this and several other nuclei obtained at 
525°C from droplets of different volumes at two 
ferent pressures. The data show that after 
lane was introduced at ¢ = 0, a certain time 
lapsed (the incubation time) before the solid Si 
nucleus appeared. Each nucleus initially grew 
very rapidly but within a few seconds reached a 
crossover point (C), after which the growth 
slowed down. This crossover is visibly sharper 
at lower pressures, as seen by comparing Fig. 2, B 
and C, Larger droplets show a longer incubation 
time, as expected from scaling arguments (10, 19), 
and also show a larger initial jump in nucleus size. 

‘To model these kinetics, we used the fact that 
disilane cracking on the droplet surface results in 
a steady supply of Si into the droplet, which 
causes the Si fraction the droplet to in- 
crease continuously. This initially results in a 
transition from solid pure Au to a liquid AuSi 
alloy. As more Si is supplied, the mole fraction of 
Si in the AuSi liquid alloy increases. At thermo- 
dynamic equilibrium, solid Si would appear 
when the AuSi composition (c) reaches the Si 
liquidus composition at the growth temperature 
(co). However, for growth on a substrate different 
from Si, there is a nucleation barrier to form the 
new erystalline Si phase. As a result, the liquid 
becomes supersaturated with Si before nucleation, 
With increasing supersaturation, the nucleation 
barrier decreases, until solid Si finally nucleates and 
quickly captured most of the excess Si inthe liquid 
in a rapid growth spurt (/0). Subsequently, growth 
ccontinuies more slowly, at arate determined by the 
steady extemal Si supply from the disilane vapor. 

We explain this behavior with a simple ki- 
netic model, in which the AuSi droplet and the 


Fig. 2. (A) Images of a growing Si 
nucleus acquired at the times specified, 
recorded during deposition at 525°C 
and 4 x 10~ torr. Scale bar, 10 nm. 
(B) Linear dimension r of several Si 
nuclei versus time t for droplets of 
different initial radius R (as indicated 
jn the box) during the same growth 
experiment. Approximating the nucle- 
us image by an ellipse, ris calculated 
as the geometric mean of the semi- 
major and semi-minor axes; that is, the 
radius of a circle with an equivalent 
area. The °C” marks the crossover point 
(see text) of the data set from the 
droplet shown in (A); the middle image 
was recorded at this time. Solid curves 
are fits using Eq. 1. The error bar 
indicates measurement errors of ~5%. 
(© Plots and fits of r versus ¢ at T = 
525°C and P = 8 x 10” torr. In 


r (nm) 


growing solid Si nucleus are each assumed to 
‘maintain a constant shape. The rate of Si addition 
tothe droplet is proportional to PA, where A is the 
exposed surface area of the droplet and P is the 
nominal disilane pressure (19). The droplets were 
treated as independent, consistent with annealing 
experiments that show that surface diffusion of 
Au and Si on the substrate is not appreciable over 
the time of the experiment (20). Nucleation oc- 
curs ata time f when the composition is ¢y cq). 
Once the solid nucleates, it grows rapidly, and we 
assumed that by the time it is large enough to be 
visible, the Gibbs-Thomson effect of interfacial 
curvature can be neglected, This means that the 
nucleus captures Si from the liquid at a rate 
proportional to ¢ ~ co per unit area. 

From these assumptions, we derived (17) the 
following equation for the evolution of the linear 
dimension r of the Si particle with time, valid 
‘when ris small as compared with R: 
dr 


f= hs|alcy 


z ~) +h 2-4) ~ (0) 


() 


with initial condition r= 0 at ¢= f. Ris the linear 
dimension of the AuSi droplet at the time of 
nucleation. The first term, cy ~ coin Eq. 1, reflects 
the initial growth rate at fy. The second and third 
terms (P/R and r'/R*) represent the effect of c 
increasing because of Si addition from the vapor 
and decreasing because of Si capture by the 
nucleus. The three parameters controlling growth 
in Eq, 1 are the goometry-weighted supersatu- 
ration a(c, ~ a) and the vapor-liquid and liquid 
solid rate constants ky;, and k.s, respectively 
(which also include geometric factors); details are 
given in (17). The geometric factors cannot be 


OQ 


100 


120 


t (s) 


140 160 


‘comparison with (B), the crossover is visibly sharper at this lower pressure. (D) Plots of r°/R° versus 
(PIR)(t— t,) for all nuclei analyzed at 525°C and four different pressures: 0.35 x 10 (black), 0.8 x 


1076 (blue), 1.5 x 10 (red), and 4.0 x 10~S (green) torr disilane. All the data sets show essentially 9,00. 


the same jump (that is, the same supersaturation) and the same slope when scaled. 
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determined directly because we only have images 
of the droplets in projection. 

Although the assumptions are highly ideal- 
ized, we found that Eq. 1 gives an excellent 
description of the data, as illustrated in Fig. 2, We 
‘measured 33 nucleation events with droplet radii 
ranging from 6 to 24 nm, temperatures from 470° 
to 585°C, and pressures from 3.5 * 1077 to 4.0 * 
10° torr. The complete set of data, and fits to 
Eq. 1, are shown in fig. S1. It can be seen that 
Eq. | automatically captures and quantifies our 
qualitative observations regarding the role of sys- 
tem size and growth rate. It predicts that larger 
droplets give later nucleation with larger jumps, It 
also predicts that the crossover is sharper at lower 
pressure, which is confirmed by examination of the 
complete set of data and fitted curves. We initially 
fitted each curve independently and confirmed that 
the resulting values for ky sand ky, were consistent 
forall droplets ata given temperature 7; as expected. 
‘The values for the geometry-weighted supersatu- 
ration, a(c, — co), were, Surprisingly, also the 
same. We therefore fitted the entire data set for each 
Twith a single value of each parameter. Figure 3 
shows the fitted values of ks, Kyi, and a(¢y~ co). 

The most dramatic aspect of the growth 
kinetics is the initial jump, which gives a direct 
visualization of the supersaturation as the nucleus 
captures the excess Si from the supersaturated 
liquid. Because the jump is quite sudden as 
compared with the incubation time and the 
subsequent slow growth, it is useful to consider 
Eq, 1 in the limit of large Ay, giving 


B 

RB 
In this limit, Si nucleates at tq and “instantly” 
jumps to size r= [4 (cy ~co)]"*R. Subsequently, 


(ca — co) + baht = ta) (2) 


txt0° 2x10 3x10° 


-txto® 0 
(P/R)(t+t,) (Torr-sinm) 
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its volume (%</°) grows linearly with time 
because of the steady supply of Si from the 
vapor phase. Equation 2 predicts that if we plot 
PIR® versus (P/R\(t— tq) for all the measurements 
at a given temperature, the data should collapse 
‘onto a single curve. This is confirmed in Fig. 2D 
for data obtained trom different experiments at a 
fixed temperature of 525°C and covering a wide 
range of disilane pressures and droplet sizes. All 
the data sets show essentially the same jump (that 
is, the same supersaturation) and the same slope. 
This is an important test of the model and the 
assumptions underlying Eqs. 1 and 2. In 
particular, the collapse of the data onto a single 
‘curve confirms that there is no strong dependence 
ofany of the model parameters, such as the shape 
factors, rate constants, and supersaturation, on P 
‘or on R, the system size. 

Size effects in nucleation have been studied 
for decades. Until recently, the only observed size 
effects were attributed to defects or impurities 


oe 


7 


i. 
i = 


0.01 


13.5 140 145 15.0 15.5 16.0 
AKT 


Fig. 3. (A to C) Parameter values versus temper 
ature, shown on Arthenius plots. These values are 
determined by fitting the entire data set shown in 
fig. $1, Eto H. The solid and dashed lines are linear 
least-squares fits. (A) Vapor-tquid rate constant 
ky. (B) Liquid-solid rate constant kis. (©) Super- 
saturation at nucleation; solid circles indicate the 
parameter alc, ~ cq) obtained directly from the 
fitting of Eq. 1 and open circles indicate the ab- 
solute supersaturation cy — co based on extra- 
polation from the growth kinetics after the jump. 
The two analyses exhibit asimilar trend, in that the 
supersaturation at nucleation increases strongly 
with temperature. 


(Z,3,21),although the possibility of intrinsic size 
effects duc to the number of available sites was 
also considered (2/). The extrinsic size effects 
disappeared when the system was so small that it 
contained no impurities (J, 3, 2/). More recently, 
there have been reports of dramatic intrinsic size 
effects, with substantial changes in the funda- 
mental phase diagram even for systems as large 
as 60 nm in diameter (5, 22-24). It therefore was 
surprising to find no effect in our own data, with 
diameters between 12 and 40 nm. 

Thermodynamics predicts that the liquidus 
concentration ¢p shifts by an amount roughly 
proportional to y/R, whereas size effects on cq are 
expected to be negligibly small by comparison 
(17). Here, 7 involves geometrically weighted 
differences of the respective interfacial energies 
in the system, so it is highly system-dependent 
and has not to our knowledge been determined 
for any VLS system. Thus, we could not predict 
the magnitude of size effect expected, so we 
focused on the size scaling. For each temperature, 
‘our data span roughly a factor of 2 in size, so 
whatever size effects occur at our smallest size 
should be reduced by half at our largest size, 
Figure 2D shows that the scatter in jump height is, 
very small; more quantitatively, we estimate that 
changes in a(cy ~ ¢9) due to size are not more 
than 0,005 (0.5%), otherwise they would be 
observable as a systematic trend above the scat- 
ter. We therefore found a lack of sensitivity to 
size over the important range used to form nano- 
wires for device applications, which is helpful for 
predictably engineering small structures. 

Furthermore, we found that nucleation sys- 
tematically occurs at the droplet edge, indicating 
that it is heterogeneous, with both surface and 
interface playing a role. This implies that the 
supersaturation needed for nucleation, and pos- 
sibly even the extent of size effects, could be 
rather different on another substrate and could be 
altered by appropriate pretreatment of the sub- 
strate. Yet the nucleation is intrinsic, being highly 
reproducible from drop to drop. Both facts are 
favorable for technological applications; repro- 
ducibility is essential for large-scale integration, 
and the role of the substrate in nucleation sug- 
gests opportunities for control via substrate 
engineering. 

‘We now discuss the numerical values and 
physical importance of the fitted parameters. If 
we knew the three-dimensional shapes, and 
hence the geometric factors, the results in Fig. 3 
Would correspond to direct measurements of the 
two rate constants ky, and A.s and the critical 
supersaturation ¢, — co. Even without this 
knowledge, we can determine the temperature 
dependences of the physical parameters if we 
assume that the shapes are independent of tem- 
perature. The kinetic rate constants are expected 
to be thermally activated, and indeed the mea- 
sured values are consistent with this (Fig. 3). The 
slope for Avi. gives an activation energy of about 
0.61 eV for the dissociative adsorption of di- 
silane, in agreement with previous work (19). 


The slope for kis gives an activation energy of 
about 0.26 eV for incorporation of Si from the 
AuSi liquid into the Si erystal. And the parameter 
O(c, ~ co) ranges from 3 to 12%, increasing with 
temperature, 

The unknown geometrical factors are ex- 
pected to be of onder 1. But their presence causes 
‘uncertainty in extracting supersaturation from the 
parameter a(¢y ~ ¢4). However, we can estimate 
the supersaturation without knowledge of the 
geometrical factors by using an entirely different 
approach (17). Itrelies on the assumption that the 
rate of addition of Si to the droplet is approxi- 
‘mately constant over time and can be determined 
fiom the time to reach cp (the x intercept of the 
dotted line in Fig. 2D). In Fig. 3C, we show 
values of supersaturation calculated using this 
approach, The results are similar to the results 
from the direct fitting, and the ratio (Which i 
ly should be a) is of order 1, as expected for 
reasonable geometries. Both data sets in Fig. 3C 
show a similar trend with temperature. There is a 
difference in the slope, which could arise ifthe a 
values depend on temperature (such as via the 
drop contact angle) or iff there are other sys- 
tematic deviations from our simplifying, assump- 
tions. In any case, two quite different approaches 
lead to the same conclusion, namely that the su 
persaturation at nucleation increases strongly with 
temperature, 

The temperature dependence of the super- 
saturation is intriguing. We are not aware of prior 
results that explain this, and we can only spec 
ulate about the mechanism, The required super- 
saturation is controlled largely by the interfacial 
free energy of the Si nucleus (2), so the temper 
ature dependence of cy ~ cq is likely to track the 
temperature dependence of this energy. The 
results are consistent with an Arrhenius behavior, 
with the smaller values at low temperature sug- 
gesting a reduced interface energy at low temper- 
ature. Temperature-dependent interface energies 
‘may be related to a temperature-dependent near- 
surface ordering that has recently been observed 
in AuSi (25) or to hydrogen coverage at the Si- 
vapor interface, which could depend on T via 
thermally activated disilane-cracking and H 
desorption, 

We have shown detailed measurements of a 
nucleation and growth phenomenon, exploring 
the phase diagram of a nanoscale system at con- 
stant temperature and varying composition, The 
growth kinetics are explained by the buildup of a 
substantial supersaturation before nucleation. 
The lack of any change in supersaturation with 
system size suggests that the phase diagram has 
‘no appreciable size dependence in this system, at 
least down to ~12 nm in diameter. 

We believe that the results shown here are of 
fundamental interest in advancing the theoretical 
understanding of nucleation in nanoscale sys- 
tems, a phenomenon that is of importance in 
‘materials design for nanotechnology and in crystal 
growth and phase transformations. The results 
are particularly relevant to the growth of nano- 
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wires from liquid eutectic droplets, the most com- 
mon route of nanowire formation. A. detailed 
understanding of nucleation and growth kinetics 
will help in engineering nanostructures for ap- 
plications such as sensors, transistors, and logic 
circuits (26), in which size dependence, incuba- 
tion times, and the reliability of nucleation itself 
must all be controlled for the suacessful fabrica 
tion of each nanoscale device. 
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Spectroscopic Tracking of 
Structural Evolution in Ultrafast 
Stilbene Photoisomerization 


Satoshi Takeuchi,? Sanford Ruhman,? Takao Tsuneda,? Mahito Chiba,* 


Tetsuya Taketsugu,® Tahei Tahara’* 


Understanding a chemical reaction ultimately requires the knowledge of how each atom in the 
reactants moves during product formation. Such knowledge is seldom complete and is often limited 
to an oversimplified reaction coordinate that neglects global motions across the molecular 
framework. To overcome this limit, we recorded transient impulsive Raman spectra during ultrafast 
photoisomerization of cis-stilbene in solution. The results demonstrate a gradual frequency shift of 
a low-frequency spectator vibration, reflecting changes in the restoring force along this coordinate 
throughout the isomerization. A high-level quantum-chemical calculation reproduces this feature 
and associates it with a continuous structural change leading to the twisted configuration. This 
‘combined spectroscopic and computational approach should be amenable to detailed reaction 
visualization in other photoisomerizing systems as well. 


‘olecular rearrangements in chemical 
reactions occur on a time scale com- 
parable to nuclear vibrational periods 

(ice, from 10 fs to 1 ps). This time scale is now 

accessible with advanced ultrafast vibrational 

spectroscopy (/), but, in almost all studies, we 
only observe structures in stationary (excited) 
states and the population transfer trom one state 
to the other. Continuous changes of the molecular 
structure are seldom observed, especially for 
large polyatomic molecules. This situation often 
limits our understanding to a level of an over- 
simplified reaction coordinate (RC). To map 


Molecular Spectroscopy Laboratory, RIKEN, 2-1 Hirosawa, 
Wako 351-0198, Japan. “institute of Chemistry, Hebrew 
University, Jerusalem 91904, Israel. "School of Engineer- 
‘ng, University of Tokyo, Tokyo 113-8656, Japan. ‘National 
Institute of Advanced Industrial Science and Technology, 
Tsukuba 305-6568, Japan. *Graduate School of Science, 
Hokkaido University, Sapporo 060-0810, Japan. 


*To whom correspondence should be addressed. E-mail 


www.sciencemag.org SCIENCE VOL 322 


structural evolution and elucidate tue RCs, it is 
crucial to track molecular vibrations during reac- 
tions, which characterize the global motions of 
the whole molecule. Recently, femtosecond in- 
fared spectroscopy has provided highly time- 
resolved vibrational spectra, but the technique is 
practically limited to the >1000 cm" region (2). 
Conventional spontaneous Raman is only applica- 
ble to picasecond or slower processes, because 
Jong and narrow-band pulses ae utilized to achieve 
sufficient frequency resolution (<15 em”). This 
drawback in time resolution was improved by the 
introduction of a stimulated Raman process with 
femtosecond pulses (3). With the use of this tech- 
nique, geometric changes of the retinyl chromo- 
phore in visual pigments were uncovered by 
monitoring hydrogen out-of-plane wagging vibra- 
tions in the 800- to 1000-cm™' region (4). 
‘Common to these frequency-domain Raman ap- 
proaches, however, is the challenge of observing 
low-frequency vibrations, given disturbance from 
strong Rayleigh scattering. Here we report a fem- 


tosccond resonance Raman probing at the im= 
pulsive limit to follow the low-frequency spectral 
change accompanying structural evolution in a 
cis-trans photoisomerization in solution, 

Femtosecond transient impulsive Raman spec- 
troscopy is explained as a combined pump-probe 
and time-domain Raman technique using three 
laser pulses (5, 6), as shown in Fig. 1A (7). In this 
experiment, we first generate a reactive excited- 
state molecule by a pump pulse (P}), After a cer- 
tain delay (A7), we introduce an ultrashort pulse 
(P}) resonant with the excited-state absorption 
and impulsively induce a vibrational coherence 
of Raman active modes, which is driven by two 
frequency components contained in the spectrum 
of the Ps pulse, In other words, the P2 pulse 
initiates the motion of a nuclear wave packet in 
the reactive excited state, The third pulse (Ps) 
monitors the excited-state absorption, whose in- 
tensity is modulated by the nuclear wave-packet 
motion, Fourier transformation of the resultant 
beating feature in the time-resolved absorption 
provides a spectrum of the molecular vibration 
with a detectable range reaching into the low= 
frequency terahertz region, which is inaccessible 
by other frequency-domain methods. For long- 
lived stationary states, this time-domain measure- 
‘ment gives vibrational information equivalent to 
that obtainable from conventional frequency- 
domain Raman (8, 9). However, for structural- 
ly evolving states in a picosecond, this method 
can afford vibrational spectra with the best pos- 
sible time- and fiequency-resolutions that are de- 
termined only by the vibrational coherence time 
of the transients, 

Stilbene is an extensively studied paradigm 
of ultrafast olefinic photoisomerization (Fig. 1B). 
In particular, cis-stibene exhibits nearly bar- 
rierless bond twisting in the excited state that 
is complete within ~1 ps (/0-/5). The photo- 
isomerization mechanism of cis-stilbene has 
been ofien discussed on the basis of a traditional 
‘one-dimensional (1D) potential energy surface 
(PES) along the torsional coordinate of the cen- 


14 NOVEMBER 2008 


1073 


| REPORTS 


tral C=C bond in the first singlet electronic 
excited (S)) state (Fig. 1A) (16). The S; PES is 
believed to have a rather flat feature on the cis 
side, where the excited molecule persists for ~1 
Ps as an isomerization precursor showing str 
S,,—S, absorption in the 600- to 700-nm re 
(here, S, is a higher-lying electronic excited 
state), Then, the molecule migrates to an Sy/Sp 
conical intersection and relaxes to either the trans 
(product) of cis isomer in the ground (Sp) state. 
However, spectroscopic studies have pointed to 
the inadequacy of this 1D rigid-twist model that 
does not take into account, for example, out- 
of-plane deformations of the ethylenic moiety 
(17, 18), Pyramidalization of one ethylenic car- 
bon (sp — sp* change of hybridization) was 
recently claimed to be essential in the structure at 
the $y/Sp conical intersection, indicating the im- 
portance of the multidimensionality of PES (19). 
For elucidation of the true RC of the polyatomic 
molecule, it is crucial to track the structural evo- 
lution by taking a temporal series of spectroscop- 
ic snapshots of the molecule. 

To achieve this aim, we acquired femtoscc- 
‘ond impulsive Raman data of cis-stilbene over the 
course of the isomerization. Figure 1C presents 
a time-resolved 5, +S; absorption in the ab- 
sence of the P2 pulse after excitation with the 
267-nm Py pulse. This signal shows 
cay, reflecting a decre 
to internal conversion/isomerization (/1-13, 15), 
With irradiation by the P3 pulse (1 
after a delay AT, the S,, — 5; absorption instan- 
taneously changes, because the P2 pulse reso- 
nantly excites a fraction of the S, molecules to the 
S, state, The difference between the 5, — Sj 
absorption signals measured with and without the 
P; pulse gives time-resolved impulsive Raman 
data, which include information about the nuclear 
wave-packet motion induced by the P2 pulse. 
With the Py pulse tuned in rigorous resonance 
with absorption of the isomerization precursor, 
this impulsive Raman measurement selectively 
monitors the photoisomerization process, and the 
signal contribution from a minor photocycliza- 
tion to 4a,4b-dihydrophenanthrene is negligible 
(20). We measured time-resolved impulsive 
Raman signals in hexadeeane at three delays 
(AT=0.3, 1.2, and 2 ps) to examine the temporal 
change of S; vibrational structure (Fig. 2A). A 
strong beating feature is observed in each trace, 
which reflects the nuclear wave-packet motion 
induced in S; cis-stilbene at each delay. A con- 
tribution from the S, state is excluded because its 
lifetime is shorter than the damping time of the 
beating. The other features of the observed traces 
are represented by three exponential decay com- 
ponents that reflect the population dynamics after 
the P, and P» irradiation (2/). 

The inset of Fig. 2A shows the beating fea- 
tures extracted from the data by subtraction of the 
population component, Their Fourier transform 
power spectra (Fig. 2B) represent vibrational 
spectra of S; cis-stilbene at the three AT delays. 
At AT= 0.3 ps, a broad band appears near 240 
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cm’, together with several weak bands at 411, 
533, and 752 em’. As the only band showing 
exceptionally large Raman intensity in the 200- 
to 300-cm ' region, the predominant 240-cm 
band is characteristic of S; cis-stilbene; hence, it 
is straightforwardly associated with a broad band 
‘observed near 229 cm’ in a picosecond frequency- 
domain Raman study (22). This vibration has 
been assigned to a mode that involves the motion 
of phenyl-C=C bending, ethylenic C=C torsion, 
and phenyl torsion. The nuclear wave-packet mo- 
tion due to the same mode was also observed in 
previous ultrafast uv-pump/vis-probe measure- 
ments in this laboratory (23), which detected the 
nuclear wave-packet motion induced directly by 
photoexcitation. 

The present Raman measurements reveal 
that the center frequency of the 240-cm™' mo- 
tion considerably downshifts with increasing AT 
delay, diminishing from 239 em”' (A7=0.3 ps) 
to 224 cm (1.2 ps) to 215 cm™ (2 ps). This 
large frequency downshift is directly apparent in 
the raw time-domain data. As shown in the inset 
of Fig. 2A, the intensity maxima of the three 
beating components gradually shift in time, man- 
ifesting a lengthening of the oscillation pe 
with increasing delay. The data reveal that the 
frequency of the 240-cm™ mode substantially 
changes while the isomerization proceeds. In other 
words, the 240-cm™ mode probes the structural 


evolution of the molecule as a spectator through a 
large anharmonic coupling to the isomerization 
coordinate. 

To confirm that the frequency downshift is 
directly related to the isomerization process, we 
carried out the same measurements in methanol, 
where the isomerization is accelerated and pro- 
ceeds with a time constant of 0.48 ps (/3, 15). 
The data obtained at AT = 0,3, 0.7, and 1.1 ps 
(Fig. 2, B and C) show that the 240-cm™' mode 
exhibits a clear frequency downshift in methanol 
also, Figure 2D compares the temporal change of 
the center frequency of the mode in the two 
solvents. Clearly, the rate of the frequency down- 
shift is higher in methanol than in hexadecane. 
With the change of solvent from hexadecane to 
methanol, the isomerization rate increases by a 
factor of 2.7 (0.77 to 2.08 ps”), and the nate of 
the frequency downshift nearly doubles (14 versus 
27 cm '/ps). This strong correlation confirms that 
the frequency downshift of the 240-cm™' mode 
arises from the structural evolution relevant to the 
isomerization of S; cis-stilbene. 

Linear fits to the frequency shifts observed in 
the two solvents both extrapolate to the same 
initial frequency (242 + 2 cm™') at zero delay 
(24). We independently evaluated the initial fre- 
quency of this mode in a uv-pump/vis-probe 
experiment (23) (where the nuclear wave-packet 
‘motion was directly induced by S, —~ Sy photo- 
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Fig. 1. (A) Schematic illustration of the So, 51, and S, PESs of cis-stlbene against the isomerization 
coordinate, together with a sequence of three laser pulses used in the measurements. The first pulse 
(P,; 267 nm, 150 fs) photoexcites 5, cisstilbene in solution and generates the reactive S, state. It does 
not efficiently generate vibrational coherences in the S, molecule because of its relatively long 
duration. After a delay AT, the second ultrashort pulse (Pz; 620 nm, 11 fs), which is resonant with the 
5, + 5; transient absorption, is applied to generate a nuclear wave packet in the S; state. The third 
pulse (P3; 620 nm, 11 fs) is used to monitor time-resolved 5, «- S, absorption signals. h, Planck's 
constant; v, frequency; r, delay time for impulsive Raman measurements, (B) Photoisomerization reac- 
tion of stilbene between the cis and trans isomers. (C) Typical time-resolved traces of the S, + 5: 
absorption of cis-stilbene measured with and without the P, pulse. The difference between the two 
traces, shaded in red, gives a time-resolved impulsive Raman signal, which contains information about 
the 5; wave-packet motion induced by the Pz pulse. mOD, milli-optical density. 
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excitation) and found it to be 231 + 3 cm” in 
both nonpolar (cyclohexane) and polar (metha- 
nol) solvents (25), which is 11 em’ lower than 
the value obtained from the extrapolation of the 
frequency shift after A7 = 0.3 ps. This discrep- 
ancy indicates that the frequency of this mode 
first exhibits an upshift as the wave packet 
evolves on the 5, surface. In fact, we observed 
a shortening of the oscillation period in the uv- 
pump/vis-probe experiment (23), which demon- 
strates that the frequency upshift occurs within 


the vibrational coherence time. Afier this initial 
upshift, the mode shows a frequency downshift 
as observed in the present impulsive Raman 
experiment. 

The vibrational period of the 240-cm™' mode 
is approximately equal to 140 &, which is well 
separated from the time scale of the isomerization 
(1.3 ps in hexadecane). Thus, the nuclear motion 
along the 240-cm™ coordinate (g) can adjust 
adiabatically during the relatively slow temporal 
evolution of nuclear configurations due to the 
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Fig. 2. Experimental results of the time-resolved impulsive Raman spectroscopy of cis-stilbene in 


two solvents. (A and ©) Time-resolved impulsive Raman signals measured at three different AT 


delays in hexadecane and methanol, respectively. The measurements were carried out at room 
temperature with 0.02 mol dm” stilbene concentrations. The insets show the beating components 
obtained after subtraction of the population components. The dotted lines connect the 
corresponding maxima of the three beating components, and their tilt with time indicates that 
the oscillation period becomes longer with increasing AT delay. (B) Fourier transform (FT) power 
spectra of the beating components obtained at the three AT delays in (a) hexadecane and (b) 
methanol. Pure spectra of 5; cis-stilbene (represented as the bands shaded in red, green, and blue 
for the three delays) were obtained after subtraction of weak bands due to the vz, and v2s modes 
of 5; trans-stilbene (30) from the raw Fourier transform spectra represented by solid curves. The 
center-of-mass frequency of each cis-stilbene spectrum is indicated by a vertical line, which clearly 
shows a frequency downshift with time. (D) Plots of the center-of-mass frequency against AT delay 
for the two solvents, The rate of the frequency downshift after AT = 0.3 ps, evaluated from the 
slope of this plot, is 14 cm” “/ps in hexadecane and 27 cm-‘/ps in methanol. 
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isomerization, with the instantaneous frequency 
of the 240-cm ' mode decreasing as the isom- 
rization proceeds. In other words, the vibra- 
tional force constant of the 240-em mode (4) 
decreases as the isomerization coordinate (Q) 
changes through the following anharmonic cou- 


pling relation (where Vis potential energy) 


ok & Y) _ or 
ag” a \a?) ~ a*00 
Because the fore constant is given by the 
curvature of the S, PES along the 240-m™ 
coordinate (q), the present results reveal that the 
shape of the S; PES changes along the isomer- 
ization coordinate (26), as illustrated in Fig. 3B. 
The experiment shows that the structure of S; 
cis-stilbene continuously evolves within the S, 
lifetime. It is noteworthy that the “averaged” fre- 
quency measured in a picosecond frequency 
domain Raman study (229 em-') (22) lies in the 
middle of the range ofthe frequency shift (239 > 
215 em”) observed here. 

To associate the experimental observation 
with actual structural changes in S} cis-stilbene, 
we calculated the PES and vibrational structure 
by density functional theory (DFT) and time- 
dependent DFT (TDDFT) using the Becke 1988 
exchange + one-parameter progressive correla- 
tion functionals with long-range correction (27), 
The calculation gave a nonplanar optimized struc- 
ttre (C> symmetry) for So cis-stilbene because of 
steric hindrances: The two phenyl groups are 
largely tilted (@ja12 = 40°), although the ethylene 
moiety is nearly planar (Oj gay" = 5°). At this Sp 
geometry, an optically allowed transition to the S 
state, with a highest occupied molecular orbital —» 
Jowest unoccupied molecular orbital singl-excitation 
character, was calculated at 4,90 eV, which agrees 
‘well with the experimental value (4.48 eV). Two 
almost-dark states were computed to lie above 
this bright S} state. The $; character, as well as, 
the state ordering, is consistent with a recent cal- 
culation (28). 

Starting from the S; state with the structure 
‘optimized for the Sp state (Franck-Condon point), 
‘we gradually changed the geometry along the 
nogative direetion of mass-weighted energy gn 
dients calculated at every point and searched the 
minimum energy path on the Sy PES, The RC, s, 
is defined as the path length along the thus- 
obtained minimum energy path (5 = 0 at the 
initial Franck-Condon point). Figure 4A depicts 
the change of the Sp and 5; enengies along the 
RC. The S; energy first decreased mpidly (s < 
0.5) and then exhibited a slower decrease (5 > 
0.5). This energy change reflects the biphasic 
structural evolution of the 5; state. As shown in 
Fig. 4C, the initial structural change (Qia4) in s < 
0.5 is dominated by a prompt stretch of the 
central C=C bond due to xx* electronic excita 
tion and an out-of-plane motion of the two ethyl 
nic hydrogens. In the later region of s > 0.5, the 
two ethylenic hydrogens gradually move in 
opposite directions to a greater extent so that the 
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Fig. 3. (A) Nuclear motions of the 240-cm™ 
mode at the geometry near the energy 
minimum on the S, PES = 5). (B) 
Schematic illustration of the 5, PES of cis- 
stilbene against the isomerization coor- 
dinate (Q) and 240-cm™ coordinate (v33 
mode, q) together with (C) the correspond- 
ing contour plot, which are drawn on the 
basis of the understanding obtained in the 
present study. The cis-stilbene molecule 
excited at the Franck-Condon point (FO first 
shows a rapid structural change along a 
steep route (Qin) that mainly involves a 
stretching of the central C=C bond with out- 
of-plane motion of the two ethylenic hydro- 


gens. Then, a slower structural evolution 


tonard the minimum point of the S, PES (min) ensues along the Q coordinate, which almost solely involves 
out-of-plane motion ofthe two ethylenic hydrogens (se tex) The potential curvature along the q coordinate 


(indicated by dotted curves) becomes smaller as the molecule evolves along the isomerization coordinate. 
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Fig. 4. Results of the DFT and TODFT 
alculations for the reactive S, state of cis- 
stilbene. (A) Energies of the So and S: 
states along the RC. The RC values of s 
and s = 5 correspond to the Franck- 
Condon point and the shallow potential 


minimum in the 5 state, respectively. (B) Geometrical parameters against the RC. (a) Ethylenic C=C bond 


length; 


(b to d) dihedral angles. The atomic labeling is indicated below the figure. (C) RC vectors at s = 0 


and 5 = 1, corresponding to Qa and Q, respectively. (D) Calculated frequencies of several low-frequency 


modes of 5 cis-stilbene agai 


the RC. All the frequencies were scaled by a factor of 0.97. Vibrational 


modes with A and B symmetries are shown in red and blue, respectively. 
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twisting angle (@j.y) of the C=C bond increases 
and the tilt angle (pq12) of the phenyl group 
decreases (/7, 18) (Fig. 4B). Consequently, a 
9° and Oy12= 
10? is attained at s ~ 5, which corresponds to a 
very shallow potential minimum leading to the 
conical intersection. The substantial twisting 
around the C=C bond is achieved mainly by the 
out-of-plane motion of the ethylenic hydrogens 
without extensive motion of the phenyl rings. 
‘This twisting motion in the second phase, which 
actually characterizes the isomerizatior 
be fully detected by the anal 
Raman spectra of the Sp state (17), because it 
only sees the nuclear motions occurring within a 
very short electronic coherence time of the Sy — 
So transition (a few tens of femtoseconds). 

To calculate the instantaneous vibrational 
frequency during the structural evolution of 5; 
cis-stilbene, we evaluated the force-constant 
matrix at different points along the RC and ob- 
tained the frequencies of the instantaneous 
normal modes. The calculated frequencies of 
six low-frequency modes are plotted against RC 
in Fig. 4D. Among these modes, the v33 mode is 
uniquely assignable to the 240-em vibration 
observed in the experiment, on the basis of the 
frequency and Raman activity of this mode (29), 
‘The initial nuclear motion in s < 0.5 (Qj) in- 
volves a substantial component parallel to the 
-vs3 coordinate (q), and this motion is smoothly 
connected to the vs3 mode in the second phase 
(s> 0.5) (Fig. 3C). After a steep increase from 
278 to 353 cm", the v33 frequency substantially 
decreases down to 318 cm” at the twisted geom- 
etry at s = 5. This behavior of the vss frequency 
almost perfectly reproduces the frequency shift of 
the 240-cm™ mode observed experimentally, in- 
cluding the initial upshift measured by the ultra- 
fast uv-pump/is-probe measurement (23). The 
agreement strongly bolsters our conclusion that 
the present experiment tracks the structural evo- 
lution of cis-stibene during the isomerization 
through accompanying changes in the vibrational 
structure. The frequency differences between the 


twisted structure having Ojaqy ~ 


not 


www.sciencemag.org 


‘experiment and computation are attributed to the 
normal coordinate analysis (harmonic approxi- 
mation) applied to the highly anharmonic 5; PES. 

We thus achieved direct experimental track- 
ing of the continuous structural evolution of a 
reacting polyatomic molecule by monitoring the 
evolving frequency of a spectator wave packet. 
‘The spectator frequency showed a gradual down- 
shift over the course of the isomerization through 
a large anharmonic coupling to the isomerization 
coordinate. This observation arises from the 
‘gradual twisting of the olefinic moiety, realized 
by the out-of-plane motion of the two ethylenic 
hydrogens with minimal change in the molecular 
volume, The global molecular rearrangements 
visualized here lead to the structure at the Sy/Sp 
conical intersection, which may be accompanied 
with further pyramidalization of one ethylenic 
carbon (/9). Femtosecond time-domain Raman 
spectroscopy offers effective probing of compli- 
cated multidimensional RC of polyatomic mole- 
cules that cannot be tracked by conventional 
vibrational spectroscopy. 
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Random Tiling and Topological 
Defects in a Two-Dimensional 


Molecular Network 


Matthew O. Blunt,” James C. Russell,” Maria del Carmen Giménez-Lépez,” Juan P. Garrahan,* 
Xiang Lin,? Martin Schréder,? Neil R. Champness,* Peter H. Beton™* 


A molecular network that exhibits critical correlations in the spatial order that is characteristic of a 
random, entropically stabilized, rhombus tiling is described. Specifically, we report a random tiling 


formed in a two-dimensional molecular network of p-terpheny 
adsorbed on graphite. The network is stabilized by hexagonal j 


5'-tetracarboxylic acid 
is of three, four, five, or six 


molecules and may be mapped onto a rhombus tiling in which an ordered array of vertices is 
embedded within a nonperiodic framework with spatial fluctuations in a local order characteristic 
of an entropically stabilized phase. We identified a topological defect that can propagate through 
the network, giving rise to a local reordering of molecular tiles and thus to transitions between 
quasi-degenerate local minima of a complex energy landscape. We draw parallels between the 
molecular tiling and dynamically arrested systems, such as glasses. 


he tiling of surfaces with simple polygons 
hhas fascinated scientists, mathematicians, 
and artists in both ancient and modem 
cultures. The mathematical rules that govem the 
formation of periodic tilings, in which tiles are reg 
ularly placed on a surface, have been extensively 
studied and provide the foundation for the clas- 
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sification of crystalline materials. More recently, 
the discovery of quasi-crystals has inspired great 
interest in aperiodic tilings, which exhibit symme- 
‘ries that are not compatible with translational order 
(5). It is also possible to form tilings in which 
translational symmetry is absent by using simple 
tile shapes such as the rhombus with intemal an- 


les of 60° and 120°, Rhombus, or lozenge, tilings 
lead to a particularly rich range of amangements, 
which may be periodic, but random nonperiodic 
tilings are also permitted (6, 7) and have attracted 
great interest because of their relevance to mixing 
algorithms (8, 9), antiferromagnetism (J0, 11), 
and entropic models of quasi-crystals (12-15) 
We show that a rhombus tiling may be re- 
alized experimentally in a two-imensional ar- 
rangement of organic molecules adsorbed on 
graphite. Specifically, we studied the molecule 
pemphenyl-3,5,3°5' tetracarboxylic acid (TPTC) 
(Fig. 1A), which was synthesized as described in 
(16). The choice of molecule was motivated by the 
placement of carboxylic acid groups that promote 
directional intermolecular hydrogen bonding. For 
‘PTC, these groups stabilize two possible relative 
placements of neighboring molecules, which we 
refer to as the parallel (Fig. 1B) and arrowhead 
(Fig. 1C) configurations. Small quantities of a sat- 
uated solution of TPTC in nonanoic acid were 
applied to a freshly cleaved highly oriented pyro- 
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lytic graphite (HOPG) substrate, and images of 
the interface between HOPG and the TPTC solu- 
tion were acquired by using a scanning tunneling 
microscope (STM) [see (/6) for full experimental 
details}. The samples were prepared and imaged 


at room temperature. Nonanoic acid has been 
identified as a suitable solvent by Lackinger et al. 
(U7, 18) in their investigations of trimesic and 
related acids, and the properties of molecular net- 
works stabilized by noncovalent interactions such 


as hydrogen bonding have been reviewed by a 
number of authors (19-21). There have also been 
recent studies of molecules functionalized with 
multiple carboxylic acid groups, similar to TPTC 
24), 


Fig. 1, (A) Molecular structure of TPTC. Two possible arrangements for a 
pair of TPTC molecules linked via a carboxylic acid—carboxylic acid hy- 
drogen bond, (B) with the long axes of both molecules parallel to each 
other, and (C) with one molecule rotated by 60° with respect to the other. 


Fig. 2. (A) STM image of a typ- 
ical area of TPTC network at the 
nonanoic acid/HOPG interface. 
The group of three phenyl rings 
constituting the backbone of the 
TPTC molecules appear as bright 
rodlike features in the image. 
The hexagonal orientational 
order of the structure is high- 
lighted by the group of blue dots 
in the lower right-hand comer 
of the image, marking the loca~ 
tion of dark contrast regions in 
the image (depressions/pores in 
the network), (B to F) Molecular 
ball and stick diagrams and tting 
representations for the five pos- 
sible arrangements of TPTC mol- 
ecules around a network pore. 
‘Also shown are magnified STM 
image examples of each pore 
type from (A) the locations ofthe 
magnified regions are marked 
in (A) by blue dashed squares. 
Scanning conditions of (A) were 
tunneling current () = 0.015 nA 
and tip voltage (V) = 1200 mV. 
(G) Enlarged version of the mo- 
lecular arangement shown in (©. 
The equivalent tiling representa- 
tion is shown as a transparent 
overlay, which highlights the 
location of the carboxylic acid— 
carboxylic acid hydrogen bonds 
at the midpoint of edges between 
tiles. (H) Corresponding titng rep- 
resentation of (A). The coloration 
of (H) represents the three possi- 
ble orientations of rhombi within 
the tting (red, green, and blue). 
Ideatized representations of the 
molecular positions are shown 
faintly in the tiling. 
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TPTC molecule (dz). 


Marked on (B) are the calculated distances (16) between two phenyl rings 
of different TPTC molecules taken across a carboxylic-carboxylic hydrogen 
bond (d,), and the distance between the two end phenyl rings of a single 
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A typical area of the TPTC network adsorbed 
on the HOPG surface is shown in Fig. 2A. The 
terphenyl backbones of the molecules appear as 
bright rodlike features, and the molecular arrange- 
ment is unusual because it exhibits hexagonal 
orientational order but no translational symmetry. 
The hexagonal onder may be discemed from the 
array of blue dots overlaid on dark contrast fea- 
tures (comesponding to depressions or pores) in 
Fig. 2A and, using calibration scans of the graph- 
ite substrate, we found that the hexagonal array 
has a period of 16.6 + 0.8 A oriented at an angle 
of £6° to the HOPG substrate (/6). Although the 
pores are regularly arranged, the molecular net- 
work enclosing them is not translationally ordered. 
Figure 2, B to F, shows that the molecular ar- 
rangements enclosing different pores (highlighted 
areas in Fig. 1A) are hexagons formed by a vary- 
ing number of molecules. 

For example, Fig. 2B shows hexagon formed 
by three molecules with edges that altemate be 
tween a temphenyl backbone and a carboxylic acid~ 
carboxylic acid junction, Figure 2, C and D, shows 
two alternative hexagonal arrangements formed 
by the junction of four molecules with two edges 
formed by the terpheny! backbone, Similarly, the 
junction in Fig. 2E is formed by five molecules 
With one terphenyl edge, and the junction in Fig. 
2F is formed by six molecules with no terphenyl 
edges. The lengths of the hydrogen-bonded and 
terphenyl edges (equivalent to dy and d> as de- 
fined in Fig. 1B) are calculated to be 9.6 and 8.7 A 
[the intermolecular binding energy Ej = 0.80 eV 
is calculated to be the same for the parallel and 
arrowhead arrangements (/6)], giving estimated 
widths of the hexagons in Fig. 2 ranging from 
15.8 A (Fig. 2B) to 16.6 A (Fig. 2F), which is in 
good agreement with the measured periodicity. 
The molecular array shown in Fig. 2A may be 
built by combining these five structural units in 
‘an arrangement that exhibits orientational sym- 
metry but no translational onder. 

‘The network may be mapped onto a tiling by 
replacing each molecule with a rhombus (see (25) 


Fig. 3. (A, C, E, and G) STM 
images showing two separate 
movements of a single defect 
through the network structure. 
(8, D, F, and H) Tiling repre- 
sentation of the network struc 
ture during the defect motion. 
The effective rearrangements of 
rhombi in the tiling are marked 
by the black arrows in (D) and 
(P. Transient image artifacts ob- 
served within the defect site 
before defect motion are high- 
lighted by blue dashed squares 
{(O and (€)]. Scanning condi- 
tions for all images were / 
0.021 nA and V, = 1200 mV. 
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for another example linking molecular arrays to 
tiling problems]. Each molecule in the network 
points along one of three high-symmetry directions, 
and we have chosen, for clarity, to represent these 
three molecular orientations as rhombi with differ- 
cent colors. To ilhustrate the tiling, we have converted 
each of the hexagonal structural units discussed 
above into shombi (Fig. 2). The representations of 
B to F, correspond to verti- 
‘ces where three, four, five, or six rhombi meet. 

These diagrams also show that, at a molecular 
level, the mapping is possible because the inter- 
molecular bonds between neighboring molecules 
are located at the midpoint of the rhombus edges 
(Fig. 2G), We suggest that this symmetry is key to 
identifying other candidate molecules that might 
form similar networks. 

The molecular network displayed in Fi 
can be mapped into rhombi, and the resultant 
tiling is shown in Fig. 2H. The mapping directly 
‘accounts for the presence of orientational sym- 
metry combined with an absence of translational 
‘order because the thombus vertices (pores in the 
STM images) fall on a hexagonal lattice, even 
though the arrangement of rhombi is not ordered, 
Thus, we demonstrate that the molecular array is 
equivalent to a rhombus tiling. 

We also observed tiling defects in the form of 
triangular voids enclosed completely by shombi 
(Fig. 3). These voids are topological defects that 
‘occur in two states of effective “charge” corre 
sponding to triangles pointing either “up” or 
“down” and have been considered theoretically 
but have not previously been observed (26-28). 
We observed ~3 = 10°? defects per adsorbed mol- 
ecule and may unequivocally distinguish these 
voids from other less intrinsically interesting de- 
fects, such as vacancies. The triangular defects 
have been observed to propagate through the net- 
work, as shown in Fig. 3, C to H. This movement 
results in a rearrangement of a single molecule 
(or tile) within the network. Figure 3, C and F, 
shows a comparison of images before and after 
such a transition, in which, as expected, effective 
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charge is conserved. The triangular defect under- 
goes a second movement between Fig. 3, E and 
G. In our images, this transition appears to be 
mediated by the temporary presence of an addi- 
tional species at the defect site, as highlighted in 
Fig. 3, C and E, possibly an additional TPTC 
molecule temporarily bound by hydrogen bond- 
ing. Although it is difficult to determine the exact 
details of the atomistic mechanism for defect move- 
ment, this sequence of images shows that defect 
propagation through the network gives rise to a 
reordering of molecular tiles and facilitates a tran- 
sition between different local energy minima 

To determine whether the observed rhombus 
tilings are ordered or random, we followed pre- 
vious theoretical studies (/0, /2) and introduced 
an effective height h(x,y) at cach vertex (xy). The 
height was calculated with the scheme shown in 
Fig 4A, in which a displacement along a rhombus 
cadge leads to a change in height of #1. By 
bitrarily choosing an origin with zero height, it 
possible to define h(x.y) forall vertices of a perf 
(defect-fve) tiling. Within this scheme, a tiling may 
be visually considered as a perspective of the sur- 
face of a simple cubic lattice when viewed along a 
(111) direction. More formally, the rhombus tiling 
is equivalent to the projection of an irregular sur- 
face of a three-imensional simple cubic crystal 
‘onto a (111) plane of the cubic lattice. A map of 
effective height of the STM image (Fig, 2A) is 
shown in Fig. 4C. 

Within the random tiling hypothesis (//), the 
tilings may be analyzed by introducing an effec- 
tive free energy G, which, assuming that all vertex 
types (shown in Fig. 2) are degenerate, is det 
mined entirely by an entropic contribution and 
given by G = (Ko/2)f|Vh|? dedy. This contri 
tion is equivalent to the energy of a deformed 
surface with elastic constant K, The gradient Vi 
corresponds to the projection in the (x,y) plane 


a height representation for which (Wh) = 0, that 
is, a surface which on average is flat and par- 
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— Gradient = 0.55 + 0.03, K,= 0.58 


{n(r) (rin lattice spacings). 


Fig. 4. (A) Scheme for evaluating height function of a tiling. A displacement from a vertex along 
three of the possible directions leads to an increase in height by 1 as shown; a displacement along 
the other three directions leads to a decrease by 1. (B) A schematic showing a flat undeformed 
representative surface to be compared with the (111) surface of a simple cubic crystal. (C) Height 
representation of tiling in Fig. 2. Here the height of a tile is calculated as the average over its four 
vertices; different heights are represented as different colors. (D) Height map of one of the large 
area scans (100 nm by 100 nm) used to generate correlation function [see (16) for more details. 
(E) Dependence of correlation on separation demonstrating logarithmic dependence. Scanning 
conditions for all images were /, = 0.015 nA and V, = 1200 mV. 


allel to a (111) plane of the projected cubie lat- 
tice, which is equivalent to a requirement that 
‘equal numbers of tiles are oriented in each of 
the three possible directions. Fluctuations in 
height with wavevector & are expected with a 
Fourier spectrum h(k) &Ky'|k >. In two di- 
‘mensions this spectrum leads to logarithmic spatial 
correlations in h(x,y), C(r) = ({h(0) ~ A(r))?) = 
(nk) In(r) + ¢, where ¢ is a constant and, for 
the maximally random rhombus tiling, K, = 709 
(10, 12). 

We calculated the height correlation function 
C(r) from STM images that had been converted 
toa height representation (Fig. 4D). The fraction 
of tiles pointing in the three directions is in the 
ratio I:1:1, within statistical error, and thus the 
condition (Vh) = 0 is satisfied [see (16) for tile 
maps and ratios of tile orientations}. It is not 
possible to solely specify fi(x,)) inthe presence of 
triangular void defects because the line integral of 
‘A(xy) along a closed path around a triangular 
void gives a nonzero value comesponding to the 
winding number of the defect (in this case, +3). 
However, itis possible to unambiguously calcu- 
late the contributions to the height correlation 
function in regions that do not enclose defects. 
Our method for calculating Cir) is based on this 
approach and provides reliable data for r <r the 
average defct separation. 

As shown in Fig. 4E, the measured C(r) has 
the expected logarithmic dependence on r, corre- 
sponding to the critical correlations of a random 
rhombus tiling (/2). The effective elasticity of the 
tiling may be extracted from the prefactor of the 
logarithm. We find Keg = 0.58 + 0.03, or equiv 
alently KK ~ 1.7 

The enhancement of the elastic constant over 
the expected value K, is explained as a breaking 
of the exact degeneracy in local bonding arrange- 
ments, with a small energetic preference for the 


arrowhead (Fig. 1C) configuration. This difference 
in energy results in an energy cost for vertices 
that have neighboring tiles in the parallel config- 
uration (Fig. 2, to E), These vertices [Which are 
not present on the idealized undeformed (111) 
representative surface, for which molecules are ex- 
clusively in the arrowhead arrangement (Fig. 4B)} 
are associated with local changes in height Vh #0, 
leading to an energetic contribution to the five 
‘energy in addition to the purely entropic term 
discussed above. These effects lead to an inerease 
in the effective elastic constant Kein G. 

This explanation is consistent with results by 
Alet et al. (29) for closed packed dimers on the 
‘square lattice with aligning interactions, in which 
there isa critical phase with an effective elasticity 
that increases with inereasing interaction strength 
[and an eventual phase transition to an ordered 
phase for A ~ AT (7, temperature), where other 
tems become relevant in the free energy G (29). 
In the context of our experiments, A characterizes 
the energy difference between the parallel and ar- 
rowhead configurations. Our finding of logarith- 
mic correlations with Keg close to K,, to within a 
factor 2, confirms that our system is in the ran- 
dom tiling regime and therefore A <KT (0.03 eV). 
This very small value of energy, comparable with 
the uncertainty in our calculation of Exp, high- 
lights the delicate balance required for entropi- 
cally stabilized randomness in the rhombus tiling 

Although the above analysis of the spatial dis- 
tribution of tiles is based on the equilibrium free 
energy G, it is clear that the tilings are frozen, 
‘with minimal temporal evolution, in one local min- 
imum of a complex energy landscape. The sys- 
tem is dynamically arrested, similar to a glass, and 
all tile movements are activated with an energy cost 
that is expected to scale with the number of inter- 
‘molecular hydrogen bonds that must be broken. 
Triangular defects, which mediate the only tile 


rearrangements that have been experimentally ob- 
served, have the lowest activation barrier because 
nly three bonds must be broken in order to move 
amolecule directly adjacent to a defect. Other tle 
rearrangements, such as the 60° rotation of the 
hexagonal unit in Fig. 2B, often considered in the 
context of mixing algorithms for perfect (defect- 
five) random tilings (8), require six bonds to be 
broken and would be expected to be exponen- 
tially suppressed. The observation of the propa 
gation of localized defects as a mechanism for 
transitions between different local energy minima is, 
highly reminiscent of dynamically facilitated mod- 
ls of glass formers (30, 37). Our results demon- 
strate the potential of molecular tilings as model 
systems for the study of glasses and provide an 
interesting altemative to the random molecular 
networks recently identified by Otero et al, as 
glassy systems (32), 

ur results show that, once formed, tilings 
are trapped in one of a large number of quasi- 
degenerate locally stable states that can rearrange 
through defect migration. Overall, the connection 
between rhombus tiling and molecular architecture, 
through the approximate equality dj ~ d,, leads to 
design rules for a general class of analogous 
‘molecular networks in two and three dimensions 
that can provide novel model systems for the 
study of random structural arrangements and dy= 
namically arrested materials. 
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Observing the Creation of Electronic 
Feshbach Resonances in Soft 
X-ray-Induced 0, Dissociation 


Arvinder S. Sandhu,**t Etienne Gagnon,** Robin Santra,*? Vandana Sharma,* Wen Li,* 
Phay Ho,” Predrag Ranitovic,* C. Lewis Cocke,* Margaret M. Murnane, "+ Henry C. Kapteyn? 


When an atom or molecule is fonized by an x-ray, highly excited states can be created 
that then decay, or autoionize, by ejecting a second electron from the ion, We found that 


autoionization after soft x-ray photoionization of molecular oxygen follows a complex multistep 
process. By interrupting the autoionization process with a short laser pulse, we showed that 
autoionization cannot occur until the internuclear separation of the fragments is greater than 
approximately 30 angstroms. As the ion and excited neutral atom separated, we directly 
observed the transformation of electronically bound states of the molecular ion into Feshbach 
resonances of the neutral oxygen atom that are characterized by both positive and negative 
binding energies. States with negative binding energies have not previously been predicted or 


observed in neutral atoms. 


tronic dynamics with ultrafast x-rays has 

attracted considerable interest in recent 
years. In general, some of the fastest electronic 
processes involve highly excited states. Auto- 
ionization after photoionization of an electron 
from an atom, molecule, or solid is a good ex- 
‘ample of one such process (J-8). Autoionization 
is an important electronic many-body problem in 
molecules, and the electrons and ions produced 
also contribute to radiation damage in mate- 
ials and biological systems (9). In the auto- 
ionization of a deep inner-shell hole, an electron 
from a higher energy level fills the hole, while a 
second outer (Auger) electron is ejected, camying 
away excess energy. Auger decay fiom a deep 
inner-shell hole is always energetically allowed, 
both in isolated atoms and molecules. In this 
cease, the molecular environment generally plays 
‘a minor role, In contrast, autoionization of an 
inner-valence vacancy in an isolated atom is 
often energetically forbidden. For example, the 
2s'2p* P inner-valence state of O* lies 40 eV 
above the ground state of atomic oxygen but 9 eV 
below the O** ground state and can therefore only 


T: ability to reveal fast correlated elec- 
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decay radiatively; that is, by emitting a photon, 
However, in polyatomic systems, autoionization 
after inner-valence ionization can be enengetical- 
ly allowed because the molecular environment 
can play a role. Because the two final-state 
charges in a molecular dication do not have to 
sit on one atom, the Coulomb repulsion between 
the holes is reduced, and thus the double 
ionization threshold is lowered. 

Interatomic Coulombic decay (ICD) in the 
Ne dimer, for instance, is a prominent example 
in which the molecular environment plays a major 
role in autoionization and has received much re- 
cent attention (/, 2, 10). In ICD in Ne, autoion- 
ization of a 2s hole relics on energy transfer 
between the two Ne atoms and thus preferen- 
tially takes place near the equilibrium separation 
of the atoms of the neutral Ne dimer. Molecular 
‘oxygen (02) can also autoionize after photoion- 
ization in the inner-valence region (4-6). How- 
ever, O2 does not follow the paradigm provided 
by ICD, in which autoionization occurs when 
the atoms are in proximity. Rather, Feifel et al. 
(4) performed a high-resolution coincident elec- 
tron study of O; and concluded that the atomictike 
character of the autoionization spectrum indicates 
that the decay takes place at large interatomic 
distances, which is in stark contrast to ICD. How- 
ever, these experiments did not have any time 
resolution: Without the ability to observe interme- 
diate states, it was not possible to uncover the 
mechanism for autoionization to fully understand 
‘what was happening. 

In this work, we irradiated an O2 molecule 
with a few-femtosecond x-ray pulse to create 


superexcited states of the O;* molecular ion, We 
then used an ultrafast laser pulse to follow how 
this superexcited state evolves into an autoion- 
izing state, We achieved this by interupting the 
autoionization with an ultrafast laser pulse at dif- 
ferent times during the process. First, we found 
that autoionization cannot occur until the molec- 
ular fragments are well-separated, by distances 
of >30 A. Second, we found that the autoioniz~ 
ing state forms 300 f§ after x-ray irradiation and 
‘emerges as a negative binding-energy Feshbach 
resonance. The use of ultrafast x-rays and lasers 
(1D), in combination with a triple-coincidence 
detection scheme, allowed us to directly observe 
the onsct of these negative binding-energy 
Feshbach autoionizing states, Before this work, 
the existence of negative binding-energy states 
in neutral atoms was not anticipated. Third, by 
providing an explanation for the atomic nature 
of the autoionization lines observed in O2, we 
were able to highlight the dramatic difference 
between the roles of the molecular environment 
in ICD in van der Waals dimers and molecular 
autoionization, in which the presence of a mo- 
lecular field can suppress, rather than enhance, 
autoionization, Finally, we showed that we can 
‘manipulate superheated, metastable, autoi 
ing states before they decay and actively influ- 
ence, with a strong field, whether a superexcited 
state will have the opportunity to decay or not. 
This capability raises the possibility of coherent 
manipulation of highly excited quantum states, 
even when their energies lie above the ionization 
potential. Autoionization after soft x-ray photo- 
ionization of O, is thus a much more complex 
multi-step process than in the case of N3, with 
which in recent studies we used an ultrafast soft 
x-ray pump combined with an infrared probe to 
study electron shakeup processes (/2, 13). 
Several studies have reported the existence 
of negative binding energy states in multiply 
charged molecular ions (anions) (14-16). A par- 
ticular electronic state is considered to have a 
negative binding energy when the kinetic energy 
of an ejected photoelectron is greater than the 
single-photon energy used for the ionization step. 
This means that the electronic state must be higher 
in energy than the ionization channel being con- 
sidered. A state with negative binding energy must 
therefore be metastable. The repulsive Coulomb 
barrier in multiply charged anions supports long- 
lived shape resonances (metastable states. that 
decay by tunneling through a potential barrier), 
which because of their long lifetime are easy to 
detect experimentally. To date, states with nega- 
tive electron-binding energy were thought to be 
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a feature only of multiply charged anions because 
of the presence of a repulsive Coulomb barter. 

Feshbach resonances occur in compound 
systems such as atoms, molecules, nuclei, or 
quarkonia, when a bound state in a closed chan- 
nel can decay into a continuum state in an open 
channel via interchannel coupling. The nature of 
the channels and the nature of the interchannel 
coupling depend on the system under consider- 
ation. If at least one of the partners in a collision 
process, for example, is itself a compound sys- 
tem, one cannot necessarily characterize a colli- 
ssion entirely in terms of the relative motion of 
‘wo collision partners within an effective colli- 
sion potential because the intemal degrees of 
freedom of the systems may be dynamically 
involved in the collision. Feshbach resonances 
have been known since Herman Feshbach for- 
malized them in the 1950s (17). Initially, the 
Feshbach resonance picture was used to deseribe 
nuclear collisions. However, more generally any 
autoionizing state generated by removing an 
inner-shell electron is a Feshbach resonance, and 
therefore these states underlie Auger, Coster- 
Kronig, or ICD decay. In recent years, Feshbach 
resonances have been exploited in ultracold col 
lisions, in which the collision energy is very 
small (18, 19). In these systems, the relative 
position of the open and closed channels can be 
adjusted by using a variable magnetic field. This 
provides a simple knob to contro! the collisional 
properties of an ultracold gas. 

‘The experimental setup and schematic of the 
molecular autoionization process are shown in 
Fig. 1. The output from an ultrafast Tissapphire 
amplifier system producing ~2-mJ pulses with 
~30 f duration, at a repetition rate of 2 kHz, 
was split into pump and probe beams. (12, 13) 
‘The pump beam (~1.2 mJ) was used to generate 
‘an ultrashort (<10 8) soft x-ray pump beam 
with a photon energy of 42,7 eV (full width at 
half maximum ~ 1.5 eV) through high-order 
harmonic upconversion. The net photon flux, 
after filtering out the visible laser and selecting a 
single harmonic with a pair of multilayer mir- 
rors, was ~10° photons per pulse or 2 x 10° 
photons/s. The probe beam (~0.8 mJ) was time- 
delayed and recombined with the soft x-ray pump 
‘beam in the interaction region, which provided 
‘a means to dynamically probe the autoionization 
process. This infrared (IR) probe beam passed 
through an optical chopper with a 50% duty 
cycle, which allowed us to normalize our data 
‘on a shot-to-shot basis. The IR probe beam was 
focused onto the O2 sample with a 75-cm lens 
to an intensity of 4.9 = 10'? W/em*. The target 
2 gas was cooled and confined with a super- 
sonic jet expansion employing a 30-m nozzle. 
The cold supersonic portion of the jet was se- 
lected using a 300-ym skimmer placed ~13 mm. 
from the gas nozzle, The gas density in the in- 
teraction region was estimated to be ~10'' to 
10'? cm *. A cold-target recoil ion momentum 
spectroscopy (COLTRIMS)-based reaction mi- 
croscope collected reaction fiagments with high 
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efficiency (solid angle ~4x) for both electrons 
and ions for each laser shot. 

Figure 2 shows electron and ion kinetic en- 
ergy spectra acquired with our coincident ion! 
electron detectors for the case of soft x-ray il- 
lumination of 3. For these spectra, an electron 
was detected in coincidence with two O° ions. 
By requiring that the two ions have nonzero 
kinetic energy release and zero total momentum, 
‘we ensured that both ions came from the same 
molecule. The broad feature centered at ~1.8 eV 
in the clectron-cnergy spectrum in Fig. 2 cor- 
responded predominantly to the photoelectron 
(one-photon single ionization) and to electrons 


A 


produced via direct one-photon double ioniza- 
tion. The width of this feature was partly deter- 
mined by the distribution of binding energies of 
the various autoionizing states of O2" that are 
populated (4). More electronic states are excited 
than one might expect based on the number of 
initially occupied orbitals. This is an example of 
the breakdown of the molecular orbital picture 
for inner-valence electrons (20), 

The electron-energy peak appearing at 
0,5 eV is consistent with the Al and A2 auto- 
ionization lines of > that were identified by 
Feitfel et al. (4). (Other, less prominent autoion- 
ization lines are merged with the photoelectron 
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° Time tin fs) 


>>30A 


Fig. 1. (A) Schematic ofthe experimental setup in which a soft x-ray beam photoionizes the 0, molecule while 
an IR probe beam interrupts the autoionization in order to follow the dynamics. EB fields, electric and magnetic 
fields, respectively, SXR, soft xray beam. (B) COLTRIMS reaction microscope. (C) Schematic of the multistep 
photoionization, dissociation, and autoionization of 02. Autoionization is forbidden until the autoionizing state 
‘emerges as a negative-binding energy Feshbach resonance at internuclear separations of 30 A or greater. 
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valence-ionized Ne dimer is slow in compari- 
son to ICD. The flatness of the inner-valence 
potential energy curves, which enables ICD at 
essentially all interatomic distances and prevents 
ultrafast dissociation, is specific to van der Waals 
systems, In real molecules such as O,, electron- 
correlation effects are stronger: The adiabatic po- 
tential energy curves in the inner-valence regime 
are not flat and have many avoided crossings 
associated with steep dissociative curves. Real 
molecules can rapidly dissociate and convert 
electronic energy into kinetic energy of the dis- 
sociating fragments, 

Finally, without triple-coincidence COLTRIMS. 
experiments to locate the curve-crossing region 
and moment of onset of the Feshbach autoioniz~ 
ing state, accurate modeling of these superexcited 
states would not have been possible, Generally, 
clectronic-structure methods, even for excited 
states, have made substantial progress. However, 
the inner-valence regime remains challenging 
because of the large number of electronic states 
involved and because of the considerable role 
that electronic many-body effects play in this 
highly excited energy regime, 

‘We have uncovered the onset of an electronic 
Feshbach resonance and the existence of nega- 
tive binding-energy states in neutral atoms. We 


show that it is possible to actively manipulate 
superexcited states above the ionization potential 
by interrupting autoionization with a strong femto- 
second laser field. These findings should be ap- 
plicable to autoionizing states in small molecules. 
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Photosynthetic Control of Atmospheric 
Carbonyl! Sulfide During the 


Growing Season 


J. E. Campbell,**t G. R. Carmichael,” T. Chai,? M. Mena-Carrasco,** Y. Tang,” D. R. Blake,” 
N, J. Blake,* S. A. Vay,” G. J. Collatz,® |. Baker,” J. A. Berry,” S. A. Montzka,™* 
GS 


sweeney,’ J. L. Schnoor,* C. O. Stanier® 


Climate models incorporate photosynthesis-climate feedbacks, yet we lack robust tools for 
large-scale assessments of these processes. Recent work suggests that carbonyl sulfide (COS), a 
trace gas consumed by plants, could provide a valuable constraint on photosynthesis. Here we 
analyze airborne observations of COS and carbon dioxide concentrations during the growing 
season over North America with a three-dimensional atmospheric transport model. We successfully 
modeled the persistent vertical drawdown of atmospheric COS using the quantitative relation 
between COS and photosynthesis that has been measured in plant chamber experiments. 
Furthermore, this drawdown is driven by plant uptake rather than other continental and oceanic 
fluxes in the model. These results provide quantitative evidence that COS gradients in the 
continental growing season may have broad use as a measurement-based photosynthesis tracer. 


arameterizations of carbon-climate feed 

backs in climate models are based on climate 

sensitivities for photosynthesis and respira- 
tion that are highly uncertain (1-3). Measurement- 
based estimates of photosynthesis or respiration 
fluxes at large scales (>10* km?) are needed to 
investigate these feedback mechanisms. Where- 
as photosynthesis and respiration-flux estimates 
have been made using eddy flux (4, 5) and 
isotope techniques (6), robust tools for inves- 
tigating these processes at large scales are cur- 
rently lacking. 
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Recent work suggests potential for the use of 
atmospheric carbonyl sulfide (COS) as a photo- 
synthesis tracer, on the basis of similarities 
observed between COS and CO} in a global air- 
monitoring network (7). The similarities are 
attributable to the simultaneous uptake of COS 
and CO in photosynthetic gas exchange by 
terrestrial plants (8). COS has also been studied 
as a source of stratospheric aerosol (9, 10), with 
recent reports suggesting that COS is a major 
source and that its contribution may be closely 
linked to continental surface fluxes (11, 12). 


Past models of COS plant uptake assume a 
1:1 relation between relative uptake of COS and 
net primary productivity (NPP) (/3-16). This 
relation was challenged by plant chamber (8) and 
atmospheric measurement studies (7), which 
suggest a new model of uptake that is related 
to photosynthesis [gross primary productivity 
(GPP)] and yields four to six times the uptake of 
the NPP-based models, COS uptake is related 
to GPP because atmospheric COS and CO> dif 
fuse at similar rates into stomata, dissolve at sim- 
ilar rates into intercellular plant water, and are 
consumed by photosynthesis enzymes (17, 18). 
COS is taken up preferentially to CO; because 
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photosynthesis enzymes transform one-third of 
the dissolved CO2 in leaf water but irreversibly 
transform most of the dissolved COS (19, 20). 
The remainder of the dissolved CO; diffuses back 
to the atmosphere. The chamber studies suggest a 
GPP-based uptake model 


F = opp. OS) 


(Cos| (1) 


+ Veos/co, 


where F is COS plant uptake, GPP is the photo- 
synthetic uptake of CO} by terrestrial plants, 
[COS){CO>] is the ratio of ambient concen- 
trations, and Feos/co, is the leafseale relative up- 
take measured during plant chamber experiments. 

This GPP-based model was found in recent 
work to be qualitatively consistent with varia 
tions of global atmospheric measurements, sug 
{gesting that the total atmospheric lifetime of COS 
isonly 1.5 to 3 years (7, 2/). However, it remains 
tobe determined whether atmospheric COS mea- 
surements are quantitatively consistent with GPP- 
based plant uptake, 

To provide a quantitative test of the relation 
between GPP and atmospheric COS, we com- 
pared atmospheric COS measurements from an 
airbome experiment with two simulations from 
a three-dimensional atmospheric transport model; 
‘one simulation was driven by the GPP-based up- 
take, and the second was driven by the NPP-based 
uptake, The airbome experiment, the Inter- 
continental Chemical Transport Experiment 
North America (INTEX-NA), included 1741 
daytime measurements of COS over continental 
North America between the surface and 12 km 
in altitude during July and August 2004. The 
experiment also included measurements of CO 
(22) and many other species (23). We compared 
these INTEX-NA observations to the NOAA Earth 
System Research Laboratory (NOAA/ESRL) 
airborne observations made during July and August 
of 2005, 2006, and 2007 (7). To interpret the 
INTEX-NA observations, we simulated COS 
and CO; concentrations over North America for 
the INTEX-NA period (24, 25). The COS simu- 
lations were driven by plant uptake, soil sinks, 
and ocean and anthropogenic sources (direct and 
indirect). We calculated GPP-based plant uptake 
(Eq, 1) by scaling regional GPP fluxes (26) by 
leat j 
based uptake and other surface fluxes were taken 
from a recent inventory of gridded surface fluxes 
(14), We simulated CO> concentrations using eco 
system, ocean, and anthropogenic surface fluxes. 
See the supporting online material (SOM) for 
ails on observations and model simulations. 

‘The persistent vertical drawdown (Fig. 1) and 
variability (Fig. 2) in the boundary layer are well 
represented by the GPP model, whereas the NPP 
model performs poorly. Plant uptake was found 
to be dominant over other sources and sinks in 
the continental COS budget during the growing 
season (Fig. 3), a necessary condition for the use 
of COS as a photosynthesis tracer. These results 
are discussed below. 


‘The mean modeled and measured CO> con- 
centrations along the INTEX-NA flight paths (Fig. 
1A) show the expected net uptake of CO> and 
boundary-layer mixing during the growing season 
(27). The agreement between the observed and 
modeled drawdown indicates that atmospheric 


370 375 
©, (pm) 


mixing is well represented in the model. Whereas, 
‘model underestimation in the 2- to $-km altitude 
range may suggest some deficiencies in the sim- 
ulated mixing, there is only a 10% difference be- 
tween the observed and modeled estimates of the 
column-integrated drawdown (21). 


Observation 
> —t-ModelGPP 
—e ModelNPP 


455 480 


405 


380 430 
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Fig. 1. Vertical profiles of COS and C02 along INTEX-NA flight paths. Mean concentrations for all 
continental INTEX-NA data for CO, (A) and COS (B) (error bars indicate + 95% Cl, n = 70 average 
‘observations in each bin). Model results were interpolated to time and location of each observation. ppm, 


parts per milion. 


Fig. 2. COS plant uptake flux and 
boundary-layer concentrations. (A) 
COS plant uptake flux (mean July 
2004) calculated by scaling modeled 
GPP by leaf-elative uptake. See SOM 
for details. Continental INTEX-NA DCB 
flight paths (red lines) are shown with- 
in the model domain (gray boo). (B 
to D) Modeled and observed atmo- 
spheric COS concentrations at all con 
ttinental sampling points under 2 km 
in atitude above sea level (ASU. 8 


30°N 


wn 
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the observed and GPP model estimates of the 
column-integrated drawdown (2/). The column- 
able drawdown in the boundary layer (Fig. 1B). integrated drawdown for the observed data was 
‘The INTEX-NA concentration drawdown (dif- 4.2 timesthe NPP model estimate (2/). Sensitivity 
ference between 6 to 8 km and 0 to 2 km in analysis showed that the drawdown estimates are 
altitude) of $9.9 + 8.9 parts per thousand (ppt) robust with respect to boundary condition uncer- 
[mean + 95% confidence interval (CD, m = 50 tainty (2/). 

vertical profiles] for sampling in July and August. Maps of INTEX-NA boundary-layer COS 
of 2004 is consistent with the NOAA/ESRL concentrations show considerable variabi 
drawdown of 55.9 + 19.0 ppt (mean +95%Cl, the boundary-layer observations (SD = 39 ppt), 
n= 12 aitbome sites) for sampling in July and and this variability is similar to that in the GPP 
August of 2005 through 2007. The NPP model model (SD ~34 ppt) but much larger than that in 
largely underestimates the observed drawdown the NPP model (SD = 24 ppt) (Fig. 2). The GPP 
as expected (/3, 16), whereas the GPP model has model captures much of the observed variability 
‘good agreement with the observed drawdown, in the boundary-layer COS concentrations with a 
Aswith COs, some deficiencies in the GPP model correlation coefficient of 0.71 (n = 440). This 
fare apparent in the 2- to S-km altitude range. GPP model performance is similar to the a priori 
However, there is only a 15% difference between performance in CO> studies that use a model- 


The mean COS vertical profile (from the 
1741 INTEX-NA samples) also shows consider- 


Fig. 3. Tropospheric drawdown for A. 
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observations analysis to infer surfice-fux. esti- 
‘mates (28). The variability in the GPP model is 
largely driven by the magnitude of the plant uptake 
and caused by the mixing of air with 
boundary-layer air that is depleted of COS (2/), 

The combined evidence from the concentration 


<rawdown, column-integrated drawdown, boundary- 
layer variation, CO, profiles, and NOAA/ESRL 
data are consistent with the GPP-based model 
rather than the NPP-based model. Next, we con- 
sider the relative influence of the different surface 
fluxes on the COS airbome samples using trans- 
port simulations driven by only one surface flux 
at a time (Fig. 3A). Anthropogenic COS emis- 
sions (direct and indirect) are concentrated in the 
eastern United States but result in a boundary- 
layer enhancement that is less than one-third of 
the vegetative drawdown (2/). The COS soil up- 


‘observed and modeled concentra- Total COS Model COS Components 
tions along continental INTEX-NA 75 
flight paths. Tropospheric drawdown 
‘of COS (A) and CO. (B), for total (let 
bracket) and modeled components 
(ight tracked as the deence bee E50 
tween mean 6- to 84m and O-to 2-km 
altitude ASL concentrations forall con- 
tinental INTEX-NA data (error bars 
indicate + 95% CL n = SOveriol € 95 
profiles). Anth, Photo, 
photosynthesis; Resp, ecosystem res- 3 
piration; BC, boundary condition. 
Positive drawdown is removal rom PI 
the atmosphere, and negative draw- 0 = 
down is a source to the atmosphere. 
Individual component drawdowns 
(Tight bracket) are based on multiple 
ae. = 
ing only one flux at a time as 
leoutent ad rely oatiaons Observed edek Model Pant Pst Anth Soll = BC Ocean 
B 35 Total CO2 Model CO. Components 
25 
E 15 
fii 
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Fig. 4. Observed ERU of 
(COS to CO. from INTEX-NA 
and NOANESRL measure- 
ments. ERU is the normal- 
ized drawdown of COS 
telative to the normalized 
drawdown of C02, calcu- 
lated from the difference 
between airbome obser- 
vations in the O- to 2-km 
and 6- to 8-km altitude 
bins. Samples were taken 
in July and August 2004 
for INTEX-NA (circles) and 
July and August of 2005, 
through 2007 for NOAA’ 
ESRL (triangles), Repeated 


vertical profiles at the same location are shown as a single average. (See SOM for details) 


take is <10% of the plant uptake, which is con- 
sistent with available field observations (29). 
Although ocean fluxes area large source globally 
(14), they have only a small influence on the ver- 
tical profile for the continental growing season. 
‘There may be large missing sources in the global 
COS budget that could be important in relation to 
plant uptake for some regions (8). However, the 
‘good agreement of modeled and observed COS 
during INTEX-NA suggests that these missing 
sources are not located in North America during 
the growing season. Whereas the COS drawdown 
is dominated by plant uptake, the CO; drawdown, 
has offsetting influences of photosynthesis and 
respiration components that are many times the 
net CO, drawdown (Fig, 3B). These offsetting 
components make it challenging to apply CO, 
measurements to separately investigate photo- 
synthesis. and. respiration, reinforcing the need 
for a tracer such as COS. 

This evidence that continental-scale varia- 
tions of atmospheric COS over North America 
are driven by the COS/photosynthesis relation 
suggests the potential use of COS as a carbon- 
cycle tracer. One tracer application is to estimate 
the ratio of GPP CO, fluxes relative to net eco- 
system exchange (NEE) CO fluxes using 
relations between simultaneous observations of 
COS and CO. For vertical profile observations, 
2 usefill relation is the ecosystem-scale relative 
uptake (ERU), which is the ratio of the relative 
drawdown of COS to CO> (7, 22). When plant 
uptake is the dominant flux, the ERU is propor- 
tional to the ratio of GPP/NEE with a proportion- 
ality constant that isthe leaf-scale relative uptake. 
‘The INTEX-NA and NOAA/ESRL observations 
havea mean ERU of 5.7 £0.6 (mean + SD, =31 
vertical profiles, July and August 2004) and 5.7 + 
2.1 (mean + SD, n= 10 airborne sites, July and 
‘August of 2005 through 2007), respectively. For 
‘a mean continental leaf-scale relative uptake of 
2.221), these ERU values imply a GPP/NEE ratio 
of 2.6, which is similar to estimates of GPP/NEE 
‘of crops during mid-growing season from eddy-fhxc 
studies (5, 7, 30). Both INTEX-NA and NOAA/ 
ESRL observations show lower ERU values over 
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the mid-continent where C4 oom is extensive (Fig 4). 
This regional depression in ERU could reflect a 
decrease in the ratio of GPP/NEE for C4 com 
plants that has also been observed in eddy co- 
variance studies of the North American growing 
season (5), Altematively, lower Ieaf-scale relative 
uptake values have been hypothesized for C4 
plants (7, 8) and we suggest that the leaf-scale 
relative uptake and the ratio of GPP/NEE for C4 
plants be explored more widely. Although the 
ERU could also be influenced by a regional an- 
thropogenic COS source, the anthropogenic source 
relative to the plant uptake is rather weak in this 
region (2/). 

‘Another tracer application is to estimate the 
photosynthesis CO; flux with the use of an 
inverse analysis (3/) of the COS model concentra 
tion error. Inverse analyses must consider multiple 
sources of model error, including transport param- 
cterizations, different. surface fluxes, boundary 
conditions, and representation error. For the COS 
inversion, the two flux parameters, other than GPP 
(Eq, 1), must be well constrained, and the COS 
fluxes other than plant uptake must be well known 
or relatively small, as may be the case for the 
continental growing season. One flux parameter, 
the concentration ratio parameter (Eq. 1), is well 
constrained by observations and has an observed 
Variability of <10% in the INTEX-NA boundary 
layer samples (n = 440), The other flux parameter, 
leaf-scale relative uptake, may be more uncertain 
because of the dependence on plant type and 
growth conditions, but the success of the simple 
leaf-scale uptake mapping used in this work is 
promising (2/). Knowledge of Ieaf-scale uptake 
could be improved with additional plant chamber 
and ambient studies in support of efforts to 
recover GPP values. 

The results presented here suggest global 
COS plant uptake and vertical gradients that are 
‘more than four times those predicted in previous 
global models (/4-16). This finding implies a 
large missing source in the global COS budget 
(7, 8) and large uncertainty in how previous 
global models have predicted the transfer of 
COS to the stratosphere. Applications of the GPP 


model at a global scale should help to resolve 
uncertainties in COS budgets and could improve 
our understanding of the relation between COS. 
surface fluxes and stratospheric aerosol. How- 
ever, the most intriguing application may be to 
recover GPP and ccosystem respiration infor- 
mation by inverse analysis of atmospheric COS 
‘measurements, 
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A Female Homo erectus Pelvis 


from Gona, Ethiopia 


Scott W. Simpson,’ Jay Quade,? Naomi E. Levin,** Robert Butler,* Guillaume Dupont-Nivet,’” 


Melanie Everett,”?*° sileshi Semaw”*™* 


Analyses of the KNMAWT 15000 Homo erectus juvenile male partial skeleton from Kenya 
concluded that this species had a tall thin body shape due to specialized locomotor and climatic 
adaptations. Moreover, it was concluded that H. erectus pelves were obstetrically restricted to 
birthing a small-brained altricial neonate. Here we describe a nearly complete early Pleistocene 
adult female H. erectus pelvis from the Busidima Formation of Gona, Afar, Ethiopia. This 
obstetrically capacious pelvis demonstrates that pelvic shape in H. erectus was evolving in response 
to increasing fetal brain size. This pelvis indicates that neither adaptations to tropical environments 
nor endurance running were primary selective factors in determining pelvis morphology in 


H, erectus during the early Pleistocene, 


the modern human pelvis is uniquely mod- 

ified to accommodate both bipedal loco- 

motion and the birthing of large-brained 
offspring (/, 2). The earliest known fossil hom- 
inid adult pelves are from small-bodied females 
(such as the3.2-million-year-old Australopithecus 
afarensis specimen A.L, 288-lan/ao and the ~2.5- 
to 2.8million-year-old Au. africanus specimen 
Stsl4) that show anatomical adaptations to bi- 
pedal locomotion yet lack obstetric specializations. 
By the early Pleistocene, Homo erectus exhibited 
fan absolute and relative increase in brain size, 
suggesting that the parturition of a large-brained 
fetus may have imposed novel selection on its 
pelvis, Few early Homo fossil pelvis fragments 
cexist (3) and itis the 1.53-million-year-old juvenile 
make skeleton (KNM-WT 15000) from Kenya 
that has been central in assessing H. erectus pelvic 
morphology and body shape (4). The transverse 
ly narrow pelvis and torso reconstructed for this 
individual were suggested to be adaptations that 
‘enhanced locomotor effectiveness and thermoreg- 
ulatory homeostasis in more open, semi-arid 
tropical environments (4, 5). Estimates of female 
birth canal dimensions based on this fossil have 
been interpreted to suggest that H. erectus lacked 
derived obstetric modifications in the pelvis and 
that its small birth canal limited neonatal brain 
size 3, 6) to a maximum of ~230 mi. This, in turn, 
was argued to have resulted in the birth of de- 
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velopmentally immature offspring that experienced 
rapid postnatal brain growth requiring a modem 
human-like degree of maternal investment and 
child-rearing behaviors (6). 

Here we describe a nearly complete carly 
Pleistocene adult female H. erectus pelvis and 
last lumbar vertebra (BSN49/P27a-d) from the 
upper Busidima Formation (7, 8), dated 18 to 
<0.16 million years ago (Ma), in the Gona 
Palcoanthropological Research Project study area 
in the Afar Regional State, Ethiopia (Fig. 1). The 
BSN49 site is stratigraphically located between 
the Silbo Tuff (0.751 + 0,022 Ma) and the base of 
the Clr polarity chron (1.778 Ma) (fig. $1). Con- 
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sideration of the range of observed sediment 
accumulation rates in the Busidima Formation 
narrows the likely age of the fossil to 0.9 to 14 
Ma (8), To date, H. erectus is the only hominid 
known from the early Pleistocene deposits in the 
‘Afar Depression. Early Acheulean artifacts are 
common at the BSN49 stratigraphic level. Analy 
ses of carbon and oxygen stable isotopes from 
pedogenic carbonates and herbivore enamel from 
the BSN49 level indicate a semi-arid environ- 
‘ment with a landscape dominated by C4 grasses 
and grazing herbivores (8). 

The pelvis (Fig. 2) includes the sacrum and 
both os coxae with the first complete pubis fom 
the early Pleistocene, Most of its distortion was 
produced by in situ fracture and carbonate cemen- 
tation of the displaced fragments. The complete 
pelvis was reconstructed from high-resolution 
plaster casts, Despite minor residual asymmetry, 
the major functionally relevant dimensions and 
articular surfaces required little or no reconstruc 
tion and can be considered reliable for anatomical 
interpretation and mensuration (8). 

The adult BSN49/P27 pelvis is transversely 
broad with laterally flaring ilia and anteriorly po- 
sitioned acetabulocristal buttresses, long, pubic 
rami, and a wide sciatic notch, which are all 
plesiomorphic characters shared with the austri- 
lopithecines, other early (3) and middle (9, 10) 
Pleistocene Homo, and Neandertals (1/). The 
fossils attributable to H. erectus or early Homo 
{including KNM-WT 15000, KNM-ER. 1808, 
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Fig. 1. Location of site BSN49. See (8) for additional information on site stratigraphy and tuff 


‘geochemistry. 
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KNM-ER 3228, OH28, and UA-173/404+UA- 
466 (3, 12)] span the early Pleistocene in Affica 
and exhibit laterally flaring iia, wide (in terms of 
modem males) greater sciatic notches, tall thin 
pubic symphyscal faces, small auricular surfaces, 
and anteriorly placed iliac pillars. Except for over- 
all size, the BSN49/P27 specimen is anatomically 
similar to these pelvis fossils (8). The BSN49/P27 
pelvis shares with Homo such diagnostic char- 
acters (8) as an anteroposteriorly broadened birth 
canal, a thickened acetabulocristal buttress (iliac 
pillar), a sigmoid-shaped anterior inferior iliac 
spine, a shelf formed by attachment of the re- 
flected head of the rectus femoris muscle, 
deepened fossa for the gluteus medius muscle, 
an increased height of the posterior ilium with an 
expanded retroauricular area, and angular eleva- 
tion and anterior projection of the superior pubic 
rami (13), As in other Homo sacra, the BSN49/P27 
alae are anteroposteriorly broad with marked 
periauricular excavation and a robust and project- 
ing sacral tuberosity indicating a well-developed 
interosseous sacroiliac ligament complex: fea- 
tures that readily distinguish Homo from the 
australopithecines (8). 

The BSN49/P27 acetabulae are small, with an 
estimated femoral head diameter of 33.4 to 36.8 
mm (8)—substantially smaller than the femoral 
head of other carly Pleistocene specimens [such 
as KNM-WT 15000: 44.9 mm (/4)]. Regressions 
estimating femur length and stature based on the 
major load-bearing articular surfaces of the pelvis, 
(8) predict a stature for the BSN49/P27 individual 
of 1.20 to 1.46 m, markedly shorter than the 1.85 
1m adult stature estimated for the male KNM-WT 
15000 individual (4), Although H. erectus is wide~ 
ly characterized as apomorphically exhibiting, an 
increase in stature and reduction in stature 
dimorphism, the data supporting this idea are 
surprisingly meager, With the recent discovery of 
H. erectus crania and posterania from smaller 
individuals (such as KNM-OL 45500 (15), KNM- 
ER 42700 (/6), and Dmanisi (17, 18), its appar- 
cent that body size range in HZ erectus has been 
underestimated, and a size “Rubicon” should not 
be part of the species diagnosis (16). The presence 
of very wide greater sciatic notches (8) and sub- 
pubic angle (table $5), everted ischia, rectangular 
bodies with a ventral arc, a subpubic con- 
cavity, a large sacral angle (/9), a nonprojecting 
sacral promontory, a symmetrically oval pelvic in 
Jet, and a preauricular sulcus are all traits diagnostic 
ofa female pelvis, Thus, the BSN49/P27 pelvis is 
from a short-statured HZ. erectus adult female. 

‘The BSN49/P27 pelvis is obstetrically capa- 
cious for such a short-statured individual. The 
fossils inlet circumference is within modern fe- 
male ranges (8). The obstetrically important bispi- 
nous (pelvic midplane) and bitubercular (pelvic 
outlet) transverse breadths of BSN49/P27 are 
‘greater than in most modern females (Fig. 3) (8). 
Size-normalized comparisons and multivariate 
analyses of the pelvic inlet and midplane dem- 
onstrate the obstetrically derived shape of the 
BSN49/P27 birth canal (Fig. 3, C and D) (8). 
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‘Humans are unusual among the hominoids in 
having a near identity in size between the neo- 
natal head and the birth canal dimensions that 
places both mother and neonate at substantial risk 
ofa traumatic birth. When these anatomical rela- 
tionships in humans were used to estimate neo- 
natal head size in H. erectus, it was seen that the 
BSN49/P27 pelvis was capable of birthing an 
offspring with estimated maximal brain volume 
of up to 315 ml (8)—over 30% greater than pre~ 
viously predicted from the KNM-WT 15000 
pelvis (6), although this value is similar to 
growth-based estimates (20). Neonatal brain size 
‘was approximately 30 to 50% (the mean ratio is 
34 to 36%) of carly Pleistocene H. erectus adult 
brain size (~600 to 1067 ml (mean= 880 ml, n= 
18 crania)] (2/), an intermediate value between 
that of chimpanzees (~40%) and modem humans 
(-28%) (20). This new estimate of H. erectus 


neonatal brain size, in tandem with the revised 
age at death (0.5 to 1.5 years) of the child’s 
cranium from Peming (Mojokerto), Indonesia 
(<1.81 Ma) (22), suggests that . erectus had 
a prenatal brain growth rate similar to that of 
humans but a postnatal brain and somatic growth 
rate intermediate between that of chimpanzees 
and humans (23), 

The enlarged neonatal brain in H, erectus 
required a concomitant increase in the dimen- 
sions of their bony birth canal, Two nonexclusive 
‘means of enlarging birth canal size beyond the 
primitive Australopithecus condition (J) are an 
increase in female body size [langer females can 
have isometrically larger pelves (24)} or devel- 
‘opmentally mediated changes in pelvic shape 
resulting in pelvic sexual dimorphism, Given this, 
individual's short stature with a capacious birth 
canal and characteristically female pelvie shape, 


Fig. 2. Illustrations of major elements of the BSN49/P27 pelvis and lumbar vertebra and reconstruction 
of the pelvis. (A) Right 0s coxa with posterolateral view of the ilium and anterolateral view of an 

fragment. (B) Anterior and posterior views of the sacrum. (C) Right lateral view of the lumbar 
vertebra. (D) Posterolateral view of the left ilium and anterolateral view of the left ischiopubic fragment. 
(€) Right Lateral view. (F) Left lateral view. (G) Anterior view. (H) Posterior view. (I) Pelvic inlet. (J) Pelvic 
‘outlet. The blue portions of the cast indicate areas that have been reconstructed or restored. Scale bar for 
@) to (0), 40 mm; scale bar for (E) to (), 200 mm. 


www.sciencemag.org 


itis clear that the latter applies. This resulted in a 
recognizably dimorphic pelvis by the early Pleis- 
tocene, with females demonstrating the distintive 
obstetric anatomy required to deliver a large- 
brained offspring. This derived anatomy indicates 
that the fetal cephalic-matemal pelvic dispro- 
portion, which directly affects reproductive suc 
cess, was a significant selective factor on female 
pelvic morphology at that time. 

This individual's absolutely wide bi-iliac 
breadth (288 mm) is greater than the mean width 
‘of modern females and males from eight diverse 
populations (8, 19, 25, 26), indicating that the 
BSN49/P27 individual had a very broad trunk. 
Its bi-iliac breadth is exceeded in the fossil record 
only by the very large middle and late Pleistocene 
pelves from Atapuerca, Spain (9), Jinniushan, 
China (10), and Kebara, Israel (//), which are 
specimens that retain the primitive condition of 
laterally flaring ilia. The only ancient pelvis that 
does not exhibit marked lateral flare is the 
reconstructed KNM-WT 15000 pelvis, a recon- 
struction that has been questioned (3, 9) 

Many anatomical changes in the human 
pelvis have occurred since the middle Pleisto- 
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ceng, including a narrowing of the interacctabular 
distance; an increase in the anteroposterior 
breadth of the birth canal, with shorter, elevated 
Pubic rami; and a decrease in the degree of iliac 
flaring, leading to a reduction of the biiliac 
breadth (/3). Some authors have suggested that 
these anatomical adaptations had their roots in 
the early Pleistocene as a locomotor adaptation 
by H. erectus to endurance running (5). The 
BSN49/P27 pelvis does not exhibit any of these 
anatomical modifications or others proposed to 
be adaptive responses to this behavior, such as 
tall stature, enlarged acctabulac, or a narrow 
torso. Clearly, improving locomotor effective 
ness, as exhibited by a relative and absolute 
increase in lower limb length, was a component 
of the carly Homo adaptive complex. However, 
the earliest fossil evidence of the modern human 
pelvis is documented about 100,000 years ago 
from Skul, Israel, indicating both the recency of 
this morphology and the historical stability of the 
plesiomorphic transversely broad pelvis. 
Modem humans display a relation between 
body shape and ambient temperature and humid 
ity, with individuals living in more temperate and 
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Fig. 3. Comparative pelvimetrics. (A) Plot of acetabulum superoinferior diameter with the square root of 
the sacral S1 body area (8). (B) Plot of bituberous breadth (pelvic outlet breadth) and bispinous breadth 
(pelvic midplane breadth). (C) Anteroposterior (AP) and mediolateral (ML) birth canal inlet dimensions 
normalized by acetabulum superoinferior diameter. (D) Anteroposterior and transverse birth canal 
midplane dimensions normalized by acetabulum superoinferior diameter. Human data are from The 
Hamann-Todd collection, Cleveland Museum of Natural History, Cleveland, Ohio. Open inverted triangles, 
females; gray triangles, males; black diamond, BSN49/P27. 
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Arctic climates having absolutely and relatively 
broader torsos, and peoples in tropical arid/semi- 
arid areas possessing narrower trunks (27). The 
BSN49/P27 pelvis represents a. short-statured, 
broad-hipped individual who would have had an 
extreme bi-iliac breadth’ stature ratio characteristic 
of more temperate-adapted modem humans and 
not the tall narrow body form previously iden- 
tified in H. erectus as an adaptation to tropical 
semi-arid environments (4, 8), Thus, although 
carly Homo lived in a diversity of environments, 
because of their unique pelvic shape they did not 
exhibit the same ecogeographic patterns of body 
form as seen in modem humans (0), 

The first H. erectus fossils were found over 
100 years ago. Additional 1. erectus remains 
have since been recovered from numerous sites 
spanning over a million years, thousands of 
miles, and a wide diversity of ecological zones. 
These fossils have documented a substantial 
increase in endocranial capacity in H. erectus 
‘over their Pliocene ancestors. Despite this rich 
history, few complete fossil posterania (18) have 
been recovered, and basic features of H. erectus 
body shape remain poorly understood. The trans- 
versely broad torso, clearly evident in this short 
individual, requires reappraisal of some current 
models of locomotor and ecogeographic adapta 
tions in African carly Pleistocene H, erectus, Itis 
now clear that the H, erectus pelvis retained 
many elements of its australopithecine heritage, 
although substantially modified by the demands 
of birthing large-brained offspring, 
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Slide into Action: Dynamic Shutt! 


of HIV Reverse Transcriptase on 
Nucleic Acid Substrates 


Shixin Liu,* Elio A. Abbondanzieri,? Jason W. Rausch,* Stuart F. J. Le Grice,* Xiaowei Zhuang**** 


The reverse transcriptase (RT) of human immunodeficiency virus (HIV) catalyzes a series of reactions 
to convert single-stranded viral RNA into double-stranded DNA for host cell integration. This process 
requires a variety of enzymatic activities, including DNA polymerization, RNA deavage, strand transfer, 
and strand displacement synthesis. We used single-molecule fluorescence resonance energy transfer to 
probe the interactions between RT and nucleic acid substrates in real time, RT was observed to slide 
‘on nucleic acid duplexes, rapidly shuttling between opposite termini of the duplex. Upon reaching 
the DNA 3" terminus, RT can spontaneously fip into a polymerization orientation. Sliding kinetics 
were regulated by cognate nucleotides and anti-HIV drugs, which stabilized and destabilized the 
polymerization mode, respectively. These long-range translocation activites facilitate multiple 

stages of the reverse transcription pathway, including normal ONA polymerization and 


strand displacement synthesis. 


cetroviral reverse transcriptase (RT) is a 
Romito enzyme that catalyzes 
‘onversion of the single-stranded viral 
RNA genome into integration-competent double- 
stranded DNA. RT possesses several distinct ac~ 
tivities, including DNA- and RNA-dependent 
DNA synthesis, DNA-directed RNA cleavage, 
strand transfer, and strand displacement synthe- 
sis, all of which are required to complete the 
reverse transcription cycle (fig. S1) (/, 2). The 
enzyme first uses viral RNA as the template to 
synthesize minus-strand DNA (3, 4), and the 
resulting DNA/RNA hybrid is then cleaved by 
the ribonuclease H (RNase H) activity of RT to 
produce short RNA fragments hybridized to nas- 
cent DNA (5, 6). Specific RNA fragments, known 
as the polypurine tracts (PPTs), serve as primers 
for synthesis of plus-strand DNA from the minus- 
strand DNA template (7-9), Secondary structures, 
present in the viral RNA genome, as well as the 
nontemplate strands hybridized to the DNA tem- 
plate, require RT to perform strand displacement 
‘synthesis during both minus-and plus-strand DNA 
synthesis (10-16), 
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As a major target for anti-HIV therapy, RT 
has been the subject of extensive research. Crystal 
structures, biochemical assays, and single-molecule 
analyses have suggested different modes of in- 
teraction between RT and nucleic acid substrates, 
providing snapshots of the nucleoprotein com- 
plexes that illuminate the functional mecha- 
nism of RT [e.g., (17-25)]. Nevertheless, how 
the enzyme-substrate complex acquires specific 
functional configurations and switches between 
different functional modes remains unclear. For 
example, how does RT efficiently locate the 3° ter- 
minus of nascent DNA on a long duplex substrate 
to initiate DNA polymerization? This question 
is particularly important for a low-processivity 
polymerase such as RT, which must frequently 
locate the polymerization site after dissociation 
(Z0, 26). Perhaps even more puzzling is how the 
dissociated RT locates the polymerization site 
during strand displacement synthesis, considering 
that the primer terminus may itself be displaced 
from the template by the competing nontem- 
plate strand. Also, RT cleaves at many different 
sites within a DNA/RNA hybrid, but how it ac- 
cesses these sites remains incompletely under- 
stood (2/, 22). A dynamic visualization of RT 
interacting with different substrates will help us 
address these questions and gain a more complete 
understanding of its function. 

In this work, we used fluorescence resonance 
‘energy transfer (FRET) (27, 28) to monitor in real 
time the action of individual HIV-1 RT molecules 


and their interactions with various nucleic acid 
substrates. We specifically labeled RT with the 
FRET donor dye Cy3 at either the RNase H 
domain (H-labeled) or the fingers domain (F- 
labeled) of its catalytically active p66 subunit 
(fig. S2A) (2, 29, 30). A Glu”*+Gin*™ (E478Q) 
mutation was introduced to eliminate RNase H 
activity (37) and prevent degradation of the nu- 
leic acid substrates during experiments. Nucleic 
acid substrates were labeled with the FRET ac~ 
ceptor dye CyS at various sites, specifically im- 
mobilized on a quartz surface, and immersed in a 
solution containing Cy3-labeled RT (fig. $2B) (2) 

Fluorescence from individual RT-substrate com= 
plexes was monitored with a total-intema-eflection 
fluorescence (TIRF) microscope by using an al- 
‘erating laser excitation scheme (32). The observed 
FRET value allowed the binding configuration of 
the enzyme to be determined (ig. S2C) (2). Con- 
trol experiments showed that neither dye labeling 
nor surface immobilization notably affected the 
‘enzyme activity (fig. $3) and that photophysical 
propertics of the FRET dyes did not change 
appreciably when placed in proximity to the en= 
zyme (fig. S4) (2). 

To mimic substrates encountered by RT dur- 
ing minus-strand synthesis, we constructed a se- 
ries of hybrid structures of various lengths, cach 
consisting of a DNA primer and an RNA tem- 
plate with CyS attached to one of two sites: (i) 
near the 3° end of the RNA template, which we 
define as the back end of the hybrid (“back- 
labeled,” Fig. 1, A to C), oF (i) near the 5" end of 
the RNA template and 3’ end of the DNA primer, 
which we define as the front end (“front-labeled,” 
fig. $5, B and C) (2), On a 19-base pair (bp) hy- 
brid, a length chosen to approximate its footprint 
‘on nucleic acid duplexes (/7, 33), RT bound in 
only one configuration: Binding of H-labeled RT 
to the back-labeled substrate yielded uniformly 
high FRET values (centered at 0.95) (Fig. 1A), 
indicating that RT bound with its RNase H 
domain close to the back end of the hybrid. 
Considering that the RNase H and polymerase 
active sites are at opposite ends of the substrate 
binding cleft of RT, this configuration places the 
polymerase active site of the RT over the 3° 
terminus of the DNA primer, consistent with the 
polymerization-competent binding mode observed 
in erystal structures (17, 18). 

In contrast, two distinct binding modes were 
‘observed on longer DNA/RNA hybrids. H-labeled 
RT bound to back-labeled 38-bp hybrid yielded 
two FRET peaks centered at 0.95 and 0.39, re- 
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to 0.6 in the presence of dCTP, dGTP, dATP, 
and ddTTP, which allowed a fournucletide ex- 
tension (Fig, 3A). The FRET distribution agreed 
quantitatively with that observed for the pre- 
assembled, chain-terminated p4/T/NT substrate 
in the presence of RT and dNTPs (fig. S11) (2), 
confirming successful primer extension. FRET 
time traces of individual molecules showed re 
petitive transitions between the 0.6 and 0.3 FRET 
states (Fig. 3A), suggesting frequent reannealing 
of the T and NT strands. 
One possible cause for TINT reanncaling is 
sliding of RT to the back end of the p/T hybrid, 
leaving its front end unbound, To test this exper- 
mentally, we added Cy3-labeled RT and dNTPs 
to CyS-labeled pX/T/NT substrates, the primers 
of which were chain-terminated to prevent ex- 
tension (Fig. 3, B to D). Indeed, transitions be- 
tween a high and a relatively low FRET state were 
observed. The high FRET state (0,9) indicates 
proximity of RT to the back end of the p/T hy- 
brid. The lower FRET states (0.74 for pO/T/NT 
and 0,5 forpA/T/NT) quantitatively agree with those 
‘observed for the pO/Tand p4/T hybrids lacking the 
NT strand (Fig. 3, B and C), to which RT should 
predominantly bind at the front end in the presence 
of dNTPs. These results indicate that RT shuttles 
between the polymerization site and the back end 
‘of the substrate even during displacement synthesis, 
In the absence of enzyme, a stable T/NT RNA 
duplex was formed (fig. $10) and no spontaneous 
annealing of the pX7T hybrid was observed in the 
FRET time traces, The low processivity of RT 
poses another question: How would the enzyme, 
after dissociation, locate the polymerization site 
(ie,, the front end of the primer/template hybrid) 
again if such a structure is rarely formed? The 
‘answer can be found in the FRET traces: The vast 
majority (~90%) of the binding events on the 
pA7T/NT substrates started at the back end with high 
FRET, with RT subsequently sliding forward to 
assume the front-end binding state with relatively 
low FRET (Fig. 3C, right). These observations 
suggest that sliding allows the enzyme to kinet- 
ically access the disrupted polymerization site and 
assist primer-template annealing, thereby facili- 
tating RNA strand displacement synthesis. 
Interestingly, on a substrate with a longer prim- 
cer extension (plO/T/NT), FRET was also ob- 
served to switch between the same 0,9 and 0.5 
states as observed for the p4/T/NT substrate 
(Fig. 3D). Had the primerttemplate hybrid fully 
annealed, binding of RT to the front end of the 
hybridized region would yield FRET values sig- 
nificantly lower than 0.5, as observed for the 
p10/T substrates lacking the NT strand (Fig. 3D). 
Similar results were found for the pS/T/NT sub- 
strate, These data indicate that RT was not able to 
slide all the way to the front end of the primer 
‘once the overlap between the p and NT strands 
exceeded four nucleotides. Moreover, the en- 
zyme predominantly remained at the back end of 
the substrate. We thus expect the efficiency of 
strand displacement synthesis to drop acconding- 
ly. This was directly confirmed by an ensemble 


primer extension assay, which revealed that prim- 
cer extension primarily terminated after adding five 
nucleotides through RNA strand displacement syn- 
thesis (fig. S12A) (2). The exact termination sites 
‘were sequence-dependent, consistent with previ- 
‘ous observations (6). 

The energetic difference between the pX/T and 
‘TINT duplexes observed during RNA strand dis- 
placement synthesis does not exist in DNA strand 
displacement synthesis because all strands involved 
in the later case are DNA. To examine substrate 
dynamics during DNA strand displacement syn- 
thesis, we doubly labeled all DNA primertemplate! 
‘nontemplate substrates (defined as ptt) with Cy3 
and Cy$ (Fig. 4A). In contrast to the pX/T/NT 
counterparts, the FRET distributions were sub- 
stantially broader for nonzero primer extension 
(X= 4, 10, and 16), and rapid FRET fluctua- 
tions were observed in single-molecule traces 
(Fig. 4A). These observations suggest frequent 
exchanges between the primer and nontemplate 
strands for base-pairing with the template, After 
addition of RT and dNTPs to the substrates (chain- 
terminated to prevent primer extension), the FRET 
distribution predominantly assumed a high FRET 
value that consistently increased with (Fig. 4B), 
suggesting that RT reached the front end of the pit 
duplex and unwound the tnt duplex. Even in the 
case of DNA displacement synthesis, the primer 
was rarely fully annealed to the template in the 
absence of a bound RT. Itis likely that RT is also 
targeted to the polymerization site by first bind- 
ing to the intact part of the primer/template du 
plex and subsequently sliding forward to unwind 
the nontemplate strand and anneal the primer. 
Because there is no substantial energy penalty 
for exchanging DNA base pairs, RT was thus 
able to access the primer terminus regardless of 
the length of the primer extension (Fig. 4B), 
consistent with RT's ability to perform displace- 
ment synthesis through long DNA duplexes (12). 
When RT and dNTPs were added to the non- 
terminated pO/Unt substrate to support synthesis, 
aan increase in FRET was observed as the nt 
strand was displaced (Fig. 4C). Once the FRET 
donor-labeled nt strand was fully displaced, a 
sudden drop in the total fluorescence signal re- 
flected completion of the reaction (Fig. 4C), Rapid 
and complete DNA strand displacement synthesis 
was observed for nearly all molecules (fig. $12) 
(2), Frequent pausing was also observed during 
synthesis, indicated by plateaus in the single- 
molecule FRET trace (Fig. 4C). The origin of 
these kinetic pausing events and their relation to 
the preferred synthesis termination sites (23, 45) 
will be a subject of future investigation, 

HIV-1 RT thus appears to bea highly dynam- 
ic enzyme that can spontaneously slide over long, 
distances on DNA/RNA and DNA/DNA duplex 
structures, which facilitates multiple phases of re- 
‘verse transcription, including targeting RT to the 
primer terminus for DNA polymerization, allow- 
ing the enzyme to rapidly access multiple sites 
within an RNA/DNA hybrid during viral RNA 
degradation, as well as displacing the nontem- 


plate strand and annealing the primer terminus 
uring displacement synthesis. The dynamic flex- 
ibility further extends into orientational confor- 
mations, allowing the enzyme to flip between 
opposite binding orientations that support dif- 
ferent activities (2/, 25). Flipping and sliding 
can be combined ina complex series of enzyme 
movements to enhance its efficacy: RT mole- 
cules originally bound in the opposite orienta- 
tion were observed to spontaneously flip into 
the polymerization orientation after sliding to 
the primer terminus. It is remarkable that an en- 
zyme could have such large-scale orientational 
and translational dynamics. This type of dy- 
namic flexibility may be a general design prin 
ciple for multifunctional enzymes like HIV RT, 
helping them to rapidly access different bind- 
ing configurations required to accomplish dif- 
ferent functions. 
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Batf3 Deficiency Reveals a Critical 
Role for CD8o* Dendritic Cells in 
Cytotoxic T Cell Immunity 


Kai Hildner,* Brian T. Edelson,* Whitney E. Purtha,? Mark Diamond,” Hirokazu Matsushita,* 
Masako Kohyama, Boris Calderon,’ Barbara U. Schraml,* Emil R. Unanue,? 
Michael S. Diamond,”? Robert D. Schreiber,* Theresa L. Murphy,* Kenneth M. Murphy*?* 


‘Although in vitro observations suggest that cross-presentation of antigens is mediated primarily 
by CO8a* dendritic cells, in vivo analysis has been hampered by the lack of systems that selectively 
eliminate this cell lineage. We show that deletion of the transcription factor Bat/3 ablated 
development of CD8a* dendritic cells, allowing us to examine their role in immunity in vivo. 
Dendritic cells from Batf3"’~ mice were defective in cross-presentation, and Batf3™’ mice lacked 
virus-specific CD8* T cell responses to West Nile virus. Importantly, rejection of highly 
immunogenic syngeneic tumors was impaired in Batf3~~ mice. These results suggest an important 
role for CD8a* dendritic cells and cross-presentation in responses to viruses and in tumor rejection. 


uring antigen cross-presentation (/), an 
Di generated in one cell are presented 
by major histocompatibility complex 
(MHC) class I molecules of a second cell. It re- 
mains unclear whether all antigen presenting cells 
(APCs) use cross-presentation and whether this 
pathway plays a role in immune responses in vivo 
(2). Dendritic cells (DCs) are a heterogeneous 
group of APCs with two major subsets, plasma- 
cytoid dendritic cells (pDCs) and conventional 
CDIlc* dendritic cells (DCs) (3). Subsets of 
eDCs include CD8a*, CD4", and CD8a°CD4 
populations that may exert distinct functions in 
immune responses. Evidence has suggested that 
CD8a eDCs are important for cross-presentation 
during infections but has its basis in ex vivo anal- 
ysis (4-6) or in vitro antigen loading (7). Evidence 
both for and against a role for cross-presentation 
in responses against tumors has been reported 
(8-10). 
Attempts have been made to study the in vivo 
role of DCs by selective depletion. Diphtheria 
toxin treatment can deplete all CD11c™ cells in 
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‘one transgenic mouse model (//) but affects 
splenic macrophages and activated CD8* T cells 
(J2), Gene targeting of transcription factors (¢.g., 
Irf2, Inft, If, Stat3, and 1d2) has caused broad 
defects in several DC subsets, T cells, and macro- 
phages (13). To identify genes regulating DC de- 
velopment, we performed global gene expression 
analysis across many tissues and immune cells 
(fig. SIA), Barf3 (also known as Jun dimerization 
protein p2ISNFT) (14) was highly expressed in 
DCs, with low to absent expression in other im- 
mune cells and nonimmune tissues. Thus, we 
‘generated Bai/3~ mice that lack expression of 
the Batf3 protein (fig. $1, B to D). 

In spleens of Baif3* mice, we founda selective 
loss of CD8a* DCs, without abnormalities in other 
hematopoietic cell types or architecture (Fig. 1 and 
figs. S210 S14), CD8a* cDCs coexpress DEC205, 
CD24, and low levels of CDI 1b (3, 15), Baf3™ 
mice lacked splenic CDI1c¥CD8a"DEC205* 
cells (Fig. 1A), showed a loss of CDI1eCD11b" 
cells and CD! 1e¥CD8a"CD24" cells (Fig. 1B), but 
hhad normal populations of CD4* and CD8a°CD4- 
DC subsets (Fig 1B). Lymph nodes and thymi of 
Batf3~~ mice lacked CD8a* DCs but had normal 
distributions of CD8arCDI 1c" cells (Fig. 1C). 
DEC205" and DEC20S" DCs were present in lymph 
nodes draining the skin of Baif3 mice (Fig. 1C) 
and showed normal migration fiom skin to tymph 
node after topical application of fluorescein-5- 
isothiocyanate (fig. S3A). Bay3~ mice had nomal 
development of pDCs (CDI e™CD11b B20") 


(fig. S3B), interstitial DCs of pancreatic islets 
(CD1lc*CD8q_) (fig. $3, C and D), monocytes, 
neutrophils (fig. S3E), and SIGN-R1” marginal 
zone and MOMA-1" metallophilic macrophages 
(Fig. 2A), CD8a* cDCs developed normally in 
heterozygous Baif3”” mice (fig. S4A) and were 
absent in Rag?” Bat” mice (fig. S4B). 

This loss of CD8a" eDCs could result from a 
cell-autonomous hematopoietic defect or a cell- 
extrinsic requirement for Baif3. To distinguish 
these possibilities, we generated chimeras in which 
(CD45.2° Bay" or CD45.2" Barf bone mar- 
row (BM) was transplanted into lethally irradiated 
CD45.1'CD452" revipients (Fig. 2B), Upon re- 
constitution (fig. SSA), we found CD8a’ cDCs 
developed only from Bay/3"”* donor BM cell (Fig, 
2B), indicating a cell-intrinsic hematopoietic defect 
in Barf3 mice. 

‘Treatment of mice with fins-like tyrosine ki- 
nase 3 (3) ligand-Fe (FL-Fe) inereased the num- 
bers of CD8a" cDCs, CD8a" cDCs, and pDCs in 
Baif3"* mice but failed to increase the number of 
CD8a* cDCs in Bayf3~ mice (Fig. 2C), In vitro 
culture of BM with FL generates cell populations 
comesponding to pDCs (CD1le'CD4SRA‘) and 
DCs (CDile"CDASRAY (3, 16) (Fig. 2D), These 
in vitro-derived eDCs do 
CD4 but contain a CD2  Dopulation 
comesponding to CD&a’ DC (16). Baif3"” 


or 
Baif3~ BM cells treated with FL produced sim- 
ilar ratios of pDCs and eDCs (Fig. 2D and fig. 
‘S5B). However, Bay” BM generated far fewer 
Sirp-a” cells compared with Bar/3"”" BM 
2D), comesponding to loss of CD8a" eDCs. 
Lastly, DCs generated from Bayf3”” BM. were 
selectively deficient in Toll-like receptor (TLR) 
3-induced interleukin (IL)-12 production (fig. SSC), 
a specific feature of CD8a* cDCs (/6). Similarly, 
CDI le* cDCs from the spleens of Ba” mice 
were selectively deficient in TLR3-induced IL-12 
production but had normal responses to TLR4 
and TLR9 ligands (fig. S6A). 

We next tested whether APCs from Bay3” 
‘mice could prime CD4" and CDS" Tell responses. 
Similar proliferative responses of OTM transgenic 
C4" Tells (17) occurred with soluble ovalbumin 
presented by Bar/3"’* and Bars cDCs (fig. SOB). 
However, Barf” DCs were defisctive in an assay 
for cross-presentation of cellular antigen to CDS" 
Teells (2, 18) (Fig. 3A). OT-I T cells proliferated 
in response to Baif3"* cDCs cocultured with 
ovalbumin-loaded cells but failed to proliferate in 
response to Bat/3”~ cDCs in this assay. 
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‘We examined responses of Bat mice to 
‘West Nile virus (WNV) (19, 20) (fig. S6). Batf3~ 
mice showed normal WNV-specific antibody re- 
sponses (Fig. 3B) and memory B cell (fig. S6C) 
and CD4* T cell responses (fig. S6D) but had a 
dramatic reduction in WNV-specific CD8* T cell 
responses (Fig. 3C) and in vivo cytotoxic T lym- 
phocyte (CTL) killing of WNV 
target cells (fig. S7, A and B). Barf3* mice lacked 
WNV-specific memory CD8" T cells and had 
impaired formation of CD8°CD44"CD62L™ cells 
(fig. S7), Adoptive transfer of Bayf3~ CD8" Tells 
into Rag?” mice generated normal WNV-specific 
CD8°* T cell response (Fig. 3D), but adoptive transfer 
of Batf3"* CD8* T cells into Bay ~ Rag?" mice 
‘generated an impaired WNV-specific CD8* T cell 
response (fig. S7C), This shows that impaired 


WNYV-specific CTL responses in Bag mice re- 
sults from a defect of DCs rather than CD8* Tells. 

‘We challenged Bay/3”* and Batf3~ mice with 
‘syngeneic fibrosarcomas that normally are rapidly 
rejected in a CD4* and CD8* T cell-dependent 
manner (21, 22) (fig. S8A). Two independent 
fibrosarcomas were rapidly rejected by Barf" 
mice but grew progressively in Rag? mice and 
Barf" mice (Fig. 4A and fig. S8, B and C). 
Moreover, Bay/3” mice failed to develop tumor- 
specific CTLs (Fig. 4B). Tumor-infiltrating CD8* 
T cells, but not CD4* T cells, were significantly 
reduced in Bai” mice (Fig. 4C). The failure of 
Bawf3~ mice to reject these tumors was not due 
to defective natural killer cell development or 
function (figs. S2B and $9, A w C). We con- 
sidered whether Bay3”” T cells have an intrinsic 
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dysfunction because overexpression studies had 
suggested Bay(3 might affect IL-2 transcription 
(U4), Although Bayf3 overexpression reduces IL-2 
activity in Jurkat T cells (fig. S10B), 
Bat CD4* T cells showed normal IL-2 pro- 
duction (fig. S10D) and normal T helper cell (Ty) 
Tul, Ty2, and Ty17 differentiation (figs. $10, C 
to E, and SIIB), Lastly, Bayf3 CD8* T cells 
showed normal allospecific effector responses 
(fig. SILA) and cytokine production (fig. S11B). 
Other DC subsets may cross-present, although 
less efficiently than CD8a" DCs (23-26), suggest- 
ing there may be residual cross-presentation ca~ 
pacity in Bay/3 mice. We therefore challenged 
ice by using reduced tumor-cell numbers, which 
might allow effective responses in the setting of 
reduced cross-presentation (fig. $8). Whereas 10* 


mm/s —~ RAG2"4WNV 
++ — RAG2"4WNV 
lass — RAG2*-WNV 
= — RAG2*-WNV 


PMAIION 


mean titers and dotted line represents 


(A) Batf3“* (+/+) or Batf3~ (~/-) splenocytes were depleted of B220* B cells 
and Thy1.2* T cells, enriched for CD11c by MACS, and cultured with irradiated 
[MHC class I~” splenocytes as indicated that were either untreated (ovalbumin), 
pulsed with 10 mg/ml soluble ovalbumin (+ovalbumin), or cultured with 1 uM 
Ser-lle-le-Asn-Phe-Glu-Lys-Leu (SIINFEKL) peptide. Carboxyfluorescein succini- 
midyl ester (CFSE)-Labeled CD45.1* OT-1T cells were cultured with these cells, 
‘and proliferation was determined by FACS after 60 hours. Single-color histograms 
‘of CD8°CD45.1* OT-1 T cells show the percentage of cells in the indicated gates. 
(B) Batf3*** (+/+) or Batf3~~ (-/-) mice were infected with 100 plaque-forming 
Units (PFUs) of WNV. On day 7, isotype-specific anti-WNV E protein titers were 
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limit of detection. (C) Batf3“* (+/+) or Batf3~~ (~/—) mice were infected with 
1100 PFUs of WNV or left uninfected. After 7 days, splenocytes were stimulated 
in vitro with the WNV-specific NS4B peptide (P33), OVA peptide, or phorbol 12- 
myristate 13-acetate (PMA)ionomycin as described. CD8* T cells were analyzed 
for expression of intracellular interferon y (IFN-y). Data shown are mean + SEM 
(n=9 to 10). (D) Batf3** (+/+) or Batf3~ (-/-) CD8*T cells were transferred 
intravenously into Rag2~~ recipients. After 24 hours, mice were infected with 
1100 PFU of WNV (+WNV) or left uninfected (-WNV). After 7 days, splenocytes 
were harvested and analyzed as described in (C). Data shown are mean + SEM 
(1 = 6). Three independently performed experiments yielded similar results. 
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Fig. 4. Lack of tumor rejection in Batf3~~ mice. (A) 
10° H31m1 fibrosarcoma cells were injected sub- 
cutaneously into Bayf3"™* (solid circles), Batf3~ 
(open cirdes), or Rag2~ (triangles) mice, and 
tumor diameter (:SD) (n = 10) was measured. (B) 
‘Mice were treated as in (A). After 9 days, splenocytes 
were harvested and cocultured with IFN-y pre~ 
treated, irradiated H31m1 tumor cells. After S days, 
a CTL killing assay using **Cr-labeled H31m1 or 
1773 tumor cells as target cells was performed. 
Shown is specific killing activity as described in (30). 
(© Tumors and spleens from mice treated as in (A) 
were removed on day 11, and cells analyzed by 
FACS, Plots are gated on live CD45.2* cells and 
show CD3, CD8a, and CD4 expression. Numbers 
represent the percentage of cells within the indi- 
‘ated gate. Results are representative of at least 
three mice per group. 


and 10° tumor cells grew in all Rag?” mice, 
some Ba?” mice controlled this lower tumor 
burden (fig. $8, D and E) and developed a tumor- 
specific CTL response (fig. S8F). Whereas 
adoptive transfer of wild-type DCs led to partial 
contro! of tumor growth in Ba" mice, transfer 
of Bay” DCs did not (fig. $12). 

Subsets of eDCs have recently been described 
with functional similarities to CD8a* DCs. Mi- 
‘gratory Langerin’ dermal and lung DC subsets 
express DEC205* and CD103° and, like CD8a* 
DCs, are CDI1b** (27, 28), CD8a* DC and mi- 
gratory CD103* DC populations share the distine- 
tive properties of TLR3 responsiveness (27) and 
capacity for cross-presentation (26), further sup- 
porting the idea that these CD103° subsets may be 
related. In spleen, CD10B is coexpressed with CD8a. 
‘on eDCs (fig. S13A) (29) and selectively expressed 
by the “CD8a equivalent” CD24°Sitp-a”™ DC 
‘subset derived from FL-treated Ba#3"* BM (fig. 
$13C), but is not expressed by Batf3~ splenic 
eDCs (fig. S13B) or FL-reated Bayf¥” BM 
cells. This suggests that CD103-expressing cDCs 
may require Baf/3. In agreement, Bayf3 mice 
showed a reduced number of CD103-expressing 
DEC205°CD8a-CD1 1b dermal DCs in skin- 
draining lymph nodes (fig. S14). 
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This study describes a transcription factor that 
controls development of CD8a* cDCs. Bays 
mice exhibit impaired antigen cross-presentation, 
impaired CTL responses against viral infection, and 
impaired responses to tumor challenge. These re- 
sults suggest an important role for in vivo cross- 
presentation in CTL responses and provide support 
for therapeutic approaches that use CD8a* cDCs 
for the induction of effective immune responses. 
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Del-1, an Endogenous Leukocyte- 
Endothelial Adhesion Inhibitor, Limits 
Inflammatory Cell Recruitment 


Eun Young Choi,’* Emmanouil Chavakis,2* Marcus A. Czabanka,>t Harald F. Langer,*t 

Line Fraemohs,* Matina Economopoulou,® Ramendra K. Kundu, Alessia Orlandi,? Ying Yi Zheng,* 
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Thalia Papayannopoulou," Carl G. Gahmberg,’* Mark C. Udey,"? Peter Vajkoczy,? 

Thomas Quertermous,* Stefanie Dimmeler,” Christian Weber,’ Triantafyllos Chavakis*} 


Leukocyte recruitment to sites of infection or inflammation requires multiple adhesive events. 
Although numerous players promoting leukocyte-endothelial interactions have been characterized, 
functionally important endogenous inhibitors of leukocyte adhesion have not been identified. 
Here we describe the endothelially derived secreted molecule Del-1 (developmental endothelial 
locus-1) as an anti-adhesive factor that interferes with the integrin LFA-1—dependent leukocyte- 
endothelial adhesion. Endothelial Del-1 deficiency increased LFA-1—dependent leukocyte adhesion 
in vitro and in vivo. Del-1~~ mice displayed significantly higher neutrophil accumulation in 
lipopotysaccharide-induced lung inflammation in vivo, which was reversed in Del-/LFA-1 
double-deficient mice. Thus, Del-1 is an endogenous inhibitor of inflammatory cell recruitment 
and could provide a basis for targeting leukocyte-endothelial interactions in disease. 


response to infection or injury and to in- 

flammation and autoimmunity. Leukocyte 
recruitment comprises a well-coordinated cascade 
of adhesive events, including selectin-mediated 
rolling, firm adhesion of leukocytes to endothelial 
cells, and their subsequent transendothetial migra- 
tion, The interaction between LFA (also known 
6 aL2 and CDI 1aCD18) and endothelial inter- 
cellular adhesion molecule-1 (ICAM-1) is crucial 
during firm endothelial adhesion of leukocytes 


L== extravasation is integral to the 


(1-5). Whereas numerous adhesion receptors pro- 
moting inflammatory cell recruitment have been 
identified, very litle information exists about en- 
dogenous inhibitors of the leukocyte adhesion 
cascade (1-7). 

Developmental endothelial locus-1 (Del-1) is 
glycoprotein that is secreted by endothelial cells 
and can associate with the endothelial cell surface 
and the extracellular matrix (8-10), Del-1 is regu 
lated upon hypoxia or vascular injury and has 
been implicated in vascular remodeling during 


Fig. 1. Delis expressed 
in endothelial cells and 
interacts with leukocyte 
LFA-1. (A) Real-time re- 
verse transcription poly- 
‘merase chain reaction 
(RT-PCR) demonstrating 
the expression of Del-1. 
MRNA in adult mouse 
tissues. Del-1 mRNA was 
normalized against 185 
ribosomal RNA. (B) RT- 
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angiogenesis (/0-12). We sought to determine 
whether endothetially derived Del-1 part 
in leukocyte-endothelial interactions. 

Del-I mRNA was observed predominantly in 
the brain and lung, with no expression in the liver, 
spleen, or whole blood (Fig. 1A and fig. SIA), 
Del-1 was expressed in wild-type (WT) but not in 
Del-I-* murine lung endothelial cells (Fig. 1B) 
(®). In lung tissues, Del-1 was present in blood 
vessels (fig. S1B). 

To determine whether Del-I participates in 
leukocyte recruitment interactions, we studied 
the adhesion of primary neutrophils to immobi- 
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dothelial cells from WT and 
Del-1~ mice. (€) Static adhe- 
sion of phorbol 12-myristate 
1B-acetate (PMA)-stimulated WTB 
(white bars) or LFA-1~™ (black 
bars) neutrophils to immobilized 
bovine serum albumin (BSA) or 


~ 
SE TS on 
absence (-) or presence of mAbs to 


CD51 (av-integrin), to CD29 (B1-integrin), or to CD11a (LFA-1). Adhe- 
sion is presented as the percentage of adherent cells. Data are mean + 
SD (n = 3 experiments). **P < 0.01. (D) Adhesion of }-82.7 transfectants 
expressing LFA-1 (}-f.7/a,) or vector (}-8,.7/vector) to immobilized Del-1 
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or ICAM-1. Adhesion is presented as the percentage of adherent cells. Data 1AM 
are mean + SEM (n = 3). **P< 0.01. (E) Binding of the LFA-1 | domain to 


immobilized Del-1 or ICAM-1. Data are mean + SEM (n = 3). 
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lized Del-1. Mouse neutrophils specifically bound 
to Del-1 under static conditions. Adhesion was in- 
hibited by a blocking monoclonal antibody (mAb) 
to CDIla (the aL-integrin subunit) but not by 
antibodies to av-integrin or B1-integrin (Fig. 1C), 
suggesting that LFA-1 mediates the interaction of 
neutrophils with Del-1. Consistently, LFA-I7~ 
neutrophils displayed reduced adhesion to Del-1 
(Fig. 1C), The residual LFA-1-independent bind- 
ing of neutrophils to Del-1 was blocked by mAb 
to Mac-I (fig. S2A), which is consistent with the 
fact that LFA-1 and Mac-1 are closely related and 
share several ligands (/3). In addition, aL-ransfected 
but not vector-transfected J-B.7 cells specifically 
bound to immobilized Del-1 (Fig. 1D), whereas a 
direct interaction between Del-I and the ligand- 
binding I domain of LFA-1, locked in the open 
high-affinity conformation, was observed (Fig. 1E 
and fig. S2B), Thus, Del-I is a ligand of LFA-1 
integrin. 

To address whether Del-1 participates in 
leukocyte-endothelial interactions, we studied 
neutrophil and monocyte adhesion to WT and 
Del-1”™ endothelial cells (/4, 15). Contrary to our 
prediction, Del-1” endothelial cells promoted sig- 
icantly higher neutrophil and monocyte adhe- 
sion. LFA-I-deficiency on leukocytes and mAb 
to LFA-1 abolished the enhanced adhesion to 
Del-1”* endothelium (Fig. 2A and fig. S3). Thus, 
enhanced inflammatory cell adhesion to Del-1” 
endothelium is specifically mediated by LFA-1 
‘on leukocytes. 

To understand the unexpected inhibitory role 
of Del-I in leukocyte-endothelial adhesion, we 
investigated whether soluble Del-1 interfered with 
the interaction of LFA-1 with its major ligand, 
ICAM-1, Mn”"-induced binding of ICAM-1-Fe 
to murine leukocytes in solution was significantly 
inhibited by soluble Del-1 (Fig. 2B). Moreover, 
soluble Del-1 inhibited the LFA-I-dependent ad- 
hesion of WT neutrophils to immobilized ICAM-1 
under physiologic flow conditions, whereas sol- 
uble Del-I did not affect the weaker adhesion of 
LFA-1 neutrophils to [CAM-1 (Fig. 2C). 

‘The finding that endothelial Del-1 antagonizes 
LFA-I-dependent adhesion (Fig. 2A) appeared 
to be discordant with the finding that immobi- 
lized Del-1 promoted leukocyte adhesion under 
static conditions (Fig. 1C). We thus assessed the 
ability of Del-1 and ICAM-1 to promote adhe- 


the chemokine MIP-2 under physiologic flow 
conditions at low and high shear rates (0.8 and 
2 dynes/em’). In this system, leukocytes first roll 
‘on selectin and then arrest on the integrin ligand, 
Whereas ICAM-1 promoted robust firm adhesion 
‘of neutrophils at both shear rates, Del-1 promoted 
only weak adhesion at the lower shear rate and 
almost none at the higher shear rate (Fig. 2D). We 
then analyzed how the presence of plate-bound 
Del-1 would affect the adhesion of neutrophils to 
ICAM-| under flow. Increasing concentrations of 
Del-I co-immobilized with ICAM-1, P-selectin, 
and MIP-2 significantly inhibited neutrophil ad- 
hesion to ICAM-1 (Fig. 2E). Thus, although it is 
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Det-+ (ugém!) 
Fig. 2. Del-1 interferes with LFA-1-dependent leukocyte adhesion. (A) PMA-induced adhesion of WT 
reutrophil in the absence (white bars) or presence of txotype control antibody (ight gray bas) or mAb to 
LFA-1 (dark gray bars), or of LFA-1~™ neutrophils (black bars) to WT or Del-1~ lung endothelial cells, is 
shown. IgG, immunogolbulin G. Adhesion is presented as the percentage of adherent cells. Data are mean + 
SD (n = 4 experiments). *P < 0.05. (B) Binding of soluble ICAN-1—Fc to mouse bone marrow 
mononuclear cells in the presence of MnClz. Cells were preincubated with BSA or soluble Del-1. Data are 
mean + SEM (n = 3). *P < 0.05. (C) Adhesion of WT (white bars) or LFA-1~~ (black bars) neutrophils to 
immobilized P-selectin, MIP-2, and ICAM-1 under flow (0.8 dynes/cm?) was studied in the presence of 
mAb to CD11, or isotype control antibody (each mAb at 10 j.g/ml) or in the presence of BSA or mouse 
soluble Del-1 (each at 20 g/ml). Adhesion is shown as the percentage of control; that is, adhesion of WT 
neutrophils in the presence of control antibody. Data are mean + SEM (n = 3 perfusion experiments). *P-< 
0.05. (D) Adhesion of WT neutrophils to immobilized P-selectin, MIP-2, and ICAM-1 (white bars) or Del-1 
(black bars) was studied at indicated shear rates. Adhesion is shown as the number of adherent cells per 
field. Data are mean + SEM (n = 4 perfusion experiments). *P < 0.05. (E) Adhesion of WT neutrophils to 
immobilized P-selectin, MIP-2, and ICAM-1 was studied in the presence of increasing concentrations of 
Del-1 that was coimmobilized. Adhesion is shown as the percentage of control; that is, adhesion of WT 
neutrophils in the absence of immobilized Del-1. Data are mean + SEM (n = 6 perfusion experiments). 
**P-<0.01. (F) The numbers of neutrophils at 4 hours after intraperitoneal injection of thioglycollate in 
WT mice are shown. Mice were treated 30 min before thioglycollate injection with intravenous injection of 
control Fc protein (control), Del-1-Fe, or ICAM-1—Fc. Data are expressed as absolute numbers of emigrated 
neutrophils. Data are mean + SD (n = 4 mice per group). *P < 0.05. 
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a ligand of LFA-I, Del-I does not promote firm We then assessed the ability of soluble Del-1__induced peritonitis (14), Intravenous administration 
leukocyte adhesion under flow but interferes with expressed as an Fe fusion protein to inhibit neu- of Del-I-Fe 30 min before thioglycollate injec- 
leukocyte adhesion to endothelial ICAM-1. trophil recruitment in vivo in acute thioglycollate- tion significantly reduced neutrophil accumulation, 
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Fig. 3. Slow rolling and firm adhesion of 
inflammatory cells in vivo are enhanced ies 


by Del-1 deficiency in the dorsal skinfold 
chamber model. (A) The number of teuko- 
cytes adherent to the endothelium of post- 
‘capillary venules was assessed in WT (black 
bars) or Del-1~~ (gray bars) mice at base- 
line conditions as well as 2 hours after 
TNF-« superfusion. Adherent leukocytes 
are shown as the number of cells perves- © wr 

sel surface (in square millimeters). Data are over 
mean + SD (n = 5 mice per group). *P < os 
0.05. (B) Representative images of rho- 
damine 6G-labeled leukocytes adherent 
onto the endothelium of postcapillary ven- 
ules of WT and Del-1"~ mice. (C) The aver- 
age rolling leukocyte velocities at 2 hours 
after TNF-a. superfusion in WT (black bar) 
and Del-1~~ (gray bar) mice are shown, 
Data are mean * SD (n = 5 mice per group). 
**P < 0.01. (D) The rolting flux fraction at 
2 hours after TNF-c superfusion in WT (black = g 
circles) and Del-1~~ (gray squares) mice. 
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Fig, 4. Increased inflammatory cell recruitment in vivo due to 
Del-1 deficiency, (A) The numbers of neutrophils in the BAL fluid 
in WT, Del-1%, LFA-1~, or Del-1-LFA-1"* mice are shown at 
24 hours after nasal administration of saline (white bars) or LPS 
(black bars), Neutrophil recruitment upon saline inhalation was 
negligible. Data are expressed as absolute numbers and are 
mean + SEM (n = 11 to 16 mice per group). **P < 0.01; ns, not 
significant. (B) Thirty minutes before LPS administration, WT or 
Del-1”— mice received intravenous injections of BSA (control, 
white bars) or Del-1-Fc (black bar) (each at 90 1g per mouse). 
Data are expressed as absolute numbers and are mean + SEM 
(n= 4 to 11 mice per group). *P < 0.05. (C) Thirty minutes before 
LPS administration, WT or Del-1~~ mice received intravenous 
injections of isotype control 1gG (white bars) or ant-ICAM-1 (black 
bars) (each at 85 jug per mouse). Data are expressed as absolute 
numbers and are mean + SEM (n = 8 or 9 mice per group). *P < 
0.05, (D) The expression of Del-1 mRNA in mouse lungs at 0 hours, 
10 hours, or 24 hours after intranasal LPS administration was 
‘analyzed by semiquantitative RT-PCR. The data are shown as relative 
expression. The ratio of De-1 mRNA to actin mRNA at O hours was 
set as 1. Data are mean + SEM (n = 4 mice per group). *P < 0.05 
‘as compared to 0 hours. 
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‘as compared to Fe control protein (Fig. 2F). Sim- 
ilarly, ICAM-1-Fe reduced neutrophil recruitment 
into the peritoneum (Fig. 2F). 

To provide further evidence for the role of 
Del-I in inflammatory cell recruitment in vivo, 
We performed intravital microscopy using the 
dorsal skinfold chamber model (16). Del-I-~ 
mice displayed increased numbers of leukocytes 
adherent to postcapillary venules both in the base- 
line condition and upon tumor necrosis factor-a 
(TNF-a) stimulation (Fig. 3, A and B). Besides 
firm arrest, the interaction between LFA-I and 
ICAM-1 contributes o slow rolling processes (17). 
A significant decrease in rolling velocity accom- 
panied by an increase in the fraction of slow- 
rolling leukocytes was observed in Del-I* mice 
(Fig. 3, C and D). 

‘We further studied whether Del-1 could reg- 
ulate inflammatory cell recruitment in vivo, 
by performing LPS-induced lung inflamma- 
tion, Del-1* mice displayed significantly higher 
accumulation of neutrophils in the broncho- 
alveolar lavage (BAL) fluid than did WT mice 
(Fig. 4A), LFA-I" mice displayed reduced neu- 
trophil accumulation in the BAL upon LPS- 
induced lung inflammation (Fig. 4A) (18, 19). 
The increased neutrophil recruitment in vivo 
due to Del-I deficiency required the presence of 
LFA-I, because neutrophil accumulation in the 
BAL in Del-l" LFA-1” mice equaled the accu- 
mulation of these cells in LFA-1”” mice (Fig. 4A). 
‘The increased leukocyte recruitment duc to Del-1 
deficiency could not be attributed to an altera- 
tion in peripheral blood counts, because constitu- 
tive leukocyte numbers were comparable in WT 
and Del-1”” mice (fig. $4). In addition, intra- 
venous administration of soluble Del-I efficiently 
reversed the increased neutrophil recruitment in 
Del-1~* mice (Fig. 4B). 

Furthermore, Del-1 deficiency resulted in an 
up-regulation of baseline ICAM-1 protein expres 
sion by lung endothelial cells, which was over- 
ridden upon TNF-c stimulation, whereas vascular 
cell adhesion motecule-1 (VCAM-1) expression 
was unaffected (fig. $5). No significant increase 
in ICAM-1 expression, under baseline or inflam- 
matory conditions, was found in Del-I~~ lungs 
(ig. $6), suggesting that altered ICAM-1 expres- 
sion is not involved in the increased leukocyte 
recntitment to Del-1* lungs. Moreover, whereas 
the increased neutrophil recruitment to the lung 
upon Del-1 deficiency was completely reversed 
by leukocyte LFA-I deficiency (Fig. 4), the in- 
hibition of ICAM-1 by a blocking mAb (/8, 20) 
decreased neutrophil recruitment by the same ex- 
tent in both WT and Del-I~ mice (Fig. 4C), sug- 
gesting an involvement of other LFA-1 ligands. 
‘Thus, Del-I deficiency enhances LFA-1-dependent 
leukocyte recruitment in vivo. 

‘We found that Del-| acted in an ant-inlammatory 
fashion; however, the expression of Del-I in in- 
flammation has not been demonstrated. Thus, we 
analyzed Del-1 mRNA expression in the lung 
and in endothelial cells upon inflammatory stim- 
ulation. Upon LPS administration, lung Del-1 


mRNA was significantly reduced (Fig, 4D), Like- 
wise, TNF-a stimulation of endothelial cells in- 
duced a significant decrease in Del-1 expression 


(fig. $7). 
Endogenous inhibitors exist in many aspects 
of inflammation and immunity (2/, 22), attenuat- 


ing exuberant inflammatory and immune activa- 
tion. The existence of endogenous inhibitors in the 
leukocyte adhesion cascade, a central paradigm 
of inflammation and immunity, has been unclear. 
In this study, endothelially derived Del-1 was 
shown to intercept LFA-I-<ependent leukocyte- 
endothelial interactions. Given the importance of 
LFA-I-dependent leukocyte recruitment in sev- 
eral inflammatory and autoimmune disorders 
(13, 23-25), Del-l may provide a platform for de- 
signing novel attractive therapeutic modalities to 
target lcukocyte-endothelial interactions in disease. 
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Ubiquitin-Like Protein Involved 
in the Proteasome Pathway of 
Mycobacterium tuberculosis 


Michael J. Pearce,” Julian Mintseris,” Jessica Ferreyra,? Steven P. Gygi,? K. Heran Darwin’* 


The protein modifier ubiquitin is a signal for proteasome-mediated degradation in eukaryotes. 
Proteasome-bearing prokaryotes have been thought to degrade proteins via a ubiquitin- 
independent pathway. We have identified a prokaryotic ubiquitin-like protein, Pup (Rv21110, 
which was specifically conjugated to proteasome substrates in the pathogen Mycobacterium 
tuberculosis. Pupylation occurred on lysines and required proteasome accessory factor A (PafA). In 
a pafA mutant, pupylated proteins were absent and substrates accumulated, thereby connecting 
pupylation with degradation. Although analogous to ubiquitylation, pupylation appears to 
proceed by a different chemistry. Thus, like eukaryotes, bacteria may use a small-protein modifier 


to control protein stability. 


imilar to the cukaryotic 20S proteasome, 
the Mycobacterium tuberculosis (Mib) pro- 
easome is a multisubunit barrel-shaped pro- 
tease composed of two rings of catalytic B subunits 
sandwiched by rings of a subunits (/—5). The 
eukaryotic 26S proteasome is composed ofa 20S 
core particle and one or two 19S regulatory caps, 
which include adenosine triphosphatases (ATPases) 


that recognize, unfold, and translocate substrates 
into the core for degradation [reviewed in (6)]. In 
‘Mtb, Mpa (Mycobacterium proteasome ATPase) 
shares homology with regulatory cap ATPases. 
Substrates of the Méb proteasome have been iden- 
tified (7), but it remains unclear how they were 
targeted for degradation. Proteins delivered to the 
ccukaryotic proteasome are usually conjugated with 
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Genome of an Endosymbiont 
Coupling N, Fixation to Cellulolysis 
Within Protist Cells in Termite Gut 


Yuichi Hongoh,?*t Vineet K. Sharma,”>* Tulika Prakash,” Satoko Noda,” 
Hidehiro Toh,”? Todd D. Taylor,”? Toshiaki Kudo,*f Yoshiyuki Sakaki,?5 
Atsushi Toyoda,”*+ Masahira Hattori,** Moriya Ohkuma™ 
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Termites harbor diverse symbi 


ic gut microorganisms, the majority of which are as yet 


uuncultivable and their interrelationships unclear. Here, we present the complete genome 
sequence of the uncultured Bacteroidales endosymbiont of the cellulolytic protist 
Pseudotrichonympha grassii, which accounts for 70% of the bacterial cells in the gut of the 
termite Coptotermes formosanus. Functional annotation of the chromosome (1,114,206 base 
pairs) unveiled its ability to fix dinitrogen and recycle putative host nitrogen wastes for 
biosynthesis of diverse amino acids and cofactors, and import glucose and xylose as energy and 
carbon sources. Thus, nitrogen fixation and cellulolysis are coupled within the protist’s cells. 
This highly evolved symbiotic system probably underlies the ability of the worldwide pest 
termites Coptotermes to use wood as their sole food. 


the Formosan subterranean termite Capto- 
termes formosanus is. one of the most de- 
structive species, causing severe economic 
damage in temperate and subtropical regions 
worldwide (J). C. formosanus annually costs resi- 
dents about 1 billion dollars in the United States 
(2) and several hundred million dollars in Japan 
3), Termites are keystone animals in the global 
carbon eyele (4), and their ability to digest ligno- 
cellulose is being explored to promote the devel- 
‘opment of novel biofuels fiom woody biomass 
(5). The mechanism underlying the ability of the 
termites to thrive solely on such a recakitrant and 
nitrogen-poor food source as wood remains unclear 
Although this eapacity has long been attributed 
to the termite’s symbionts, the interrelationships 
are complex and the organisms resistant to avail- 
able culture techniques (6, 7). 

Hence, we attempted to acquire the complete 
genome sequence of a prokaryote belonging 
to the order Bacteroidales, and called phylo- 
type CIPt1-2, which lives specifically within 
the cells of the uncultivable, cellulolytic protist 
Pseudotrichonympha grassii found in the gut 
of C. formosanus (8) (fig. S1). About 1 = 10° 
C{Pt1-2 cells are housed within a single P. grassii 
cell, contributing, in total, 70% of the bacterial 
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cells in the gut of C. formasamus (8). The para- 
basalid host P grassii is the most important and 
indispensable protist species and is essential for 
the degradation of wood particles in the gut of 
C. formosanus (9). Pseudotrichonympha spe- 
cies harboring the Bacteroidales endosymbionts 
are widely distributed among diverse subter- 
ranean termites (family Rhinotermitidac) (10) 
(fig. S2). Thus, elucidation of the metabolic fune~ 
tions of CfPt1-2 is crucial for understanding the 
symbiotic mechanism in C. formasanus and other 
subterranean termites. 

A single cell of P. grassii was physically 
isolated from the gut microbiota, and 10° to 10* 
cells of its endosymbionts were collected by 
rupturing the host membrane in buffer (/1). The 
collected cells were subjected to isothermal 
whole-genome amplification for sequence anal- 
ysis. From the amplified sample, a single cir- 
‘cular 1,114,206-base pair (bp) chromosome was 
unambiguously reconstructed (fig. $3). The chro- 
mosome contains 758 putative protein-coding 
‘sequences (CDSs), 38 transfer RNA genes, and 4 
ribosomal RNA genes (table S1 and S2). The 
FRNA genes do not constitute an operon, and a 
region containing the 16SrRNA gene and tRNA- 
Ie gene has been duplicated (12). Phylogenetic 
analysis based on concatenated sequences of 
ribosomal proteins confirmed that this bacterium 
belongs to the order Bacteroidales (fig. S4). 

‘Additionally, four circular plasmids were re- 
constructed (table $1 and fig. SS). Three of the 
four showed synteny with each other (fig. S6), 
as well as with the chromosome region 974,000 
to 1,042,400 (fig. $7) (12). This 68.4-kb-long 
chromosome region contains three to four dupli- 
cations of the plasmid-derived sequences. These 
insertions and duplications imply active rear- 
rangement in this genome, Genes involved in 
DNA repair and recombination are relatively 
abundant compared with other known intra- 
cellular symbionts (table S3). 


The predicted metabolic pathways of C{PtI-2 
are shown in Fig. 1. The most striking feature of 
this bacterium that we uncovered in this study 
‘was its ability to fix dinitrogen. The genes en- 
coding nitrogenase (NifHDK), Mo-Fe cofactor 
biosynthesis proteins, njF-operon regulator NifA, 
and Mo” "transporter, all of which are essential 
for Np fixation, were identified on the chromo- 
some (table S4 and fig. $8). Although Ny-fixi 
activity has been demonstrated in diverse ter- 
mites, including C. formasanus (13, 14), the dis- 
covery of the requisite genes in a member of the 
Bacteroidetes was unexpected, because there have 
been no previous reports of nitrogenase genes in 
this phylum. 

The nifH! gene of CiPU-2 was phylogeneti- 
cally affiliated with a cluster of clones previously 
‘obtained fiom termite guts (14, 15) (fig. $9). It 
showed only low sequence similarity to the nifH 
genes of any known bacterial species, includ- 
ing the No-fixing spirochetes isolated from ter- 
mite guts (6). The expression of the nifH] gene of 
CAPLI-2 in the gut was confirmed by reverse- 
transcription polymerase chain reaction using 
universal primers for nifH. Ninety of 91 sequenced 
clones were identical or nearly identical to C{Pt1-2 
nif, which suggests that this bacterium is the 
principal No-fixer in C. formosanus gut (12). A 
‘genus and species, “Candidatus Azobacteroides 
pscudotrichonymphae,” is proposed here for the 
CAPU-2 bacterium (/2). 

In CfPtI-2, the predicted pathways suggest 
that the fixed nitrogen, in the form of NH, is 
assimilated initially by the activity of glutamine 
synthetase and then used for biosynthesis of di- 
verse amino acids and cofactors (Fig. 1), This 
bacterium also possesses a gene encoding. an 
ammonium transporter and a gene cluster encod 
ing urease and a urea transporter. The orthologs 
of the latter genes have never previously been 
found in the Bacteroidales order. The ability to 
import and assimilate ammonium and urea im- 
plies that C{Pt1-2 not only fixes atmospheric ni- 
trogen but also recycles the putative nitrogen 
‘waste products of parabasalid protists (17). The 
amount of nitrogen in the diet alters the Ny- 
fixation activity of C. formasanus (13), possibly 
because CfPt1-2 can repress N3 fixation and re- 
cycle urea and ammonia when these are abun- 
dant in the host cytoplasm. Np fixation requires 
a large amount of energy and thus its regulation 
is important, 

CIPU-2 possesses genes for using mono- 
saccharides derived from lignocellulose, that is, 
glucose, xylose, and hexuronates, which are 
likely to be abundant in the cytoplasm of the 
cellulolytic host protist. In addition, the genome 
encodes enzymes involved in a glycogen cycle 
for storing carbohydrates. Thus, CfPtl-2 is un- 
likely to experience enengy and carbon starva- 
tion unless the termite host itself is starved. 
CIPt1-2 retains a glycolytic pathway, and ener- 
gy production is achieved through fermentation 
of sugars to acetate and by fumarate respiration 
(Fig. 1). Because the genome lacks genes for 
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Fig. 1. Predicted metabolic pathways of phylotype CfPt1-2. Blue, synthesized —_ encodes pathways for biosynthesis of 19 amino acids. Compounds that should 


amino acids; green, cofactors. Amino acids and cofactors that can be 


be imported are shown in gray. Provision of menaquinone (MQ) or its precursor 


synthesized from imported precursors are shown in pale colors. The genome _1,4-dihydroxy-2-naphthoate is probably required for fumarate respiration. 


catalase, superoxide dismutase, and cytochrome 
oxidase, C1PU-2 is strictly anaerobic and cannot 
uuse O2 as an electron acceptor. 

Interestingly, this bacterium is known to take 
up hydrogen (/8), although no typical hydrogen- 
‘ase gene exists in its genome. The candidates for 
this function form a cluster of seven genes, in- 
cluding homologs of heterodisulfide reductase 
and hydrogenase-like components (fig. S10). 
Molecular Hz is abundantly produced during 
both lignocellulose fermentation and No fixation, 
and is an ideal altemative energy source. More- 
‘over, the removal of excess H theoretically pro- 
motes both lignocellulose fermentation and No 
fixation (fig. S11). 

Comparison of the CfPt1-2 genome with 
those of other known Bacteroidales show that 
its guanine/cytosine content and CDS density are 
lower, the number of pseudogenes is langer, and 
its genome size is smaller (table $5). Although 
genes involved in nitrogen metabolism have 
been abundantly retained, CfPt1-2 has no genes 
encoding extracellular glycosylhydrolases, has 
few genes for biosynthesis of lipopolysaccharide 
for a cell wall, and possesses only a few regu- 
latory genes. All of these genes are numerous in 
Bacteroidales human gut symbionts such as Bac- 
teroides thetaiotaomicron (19). Although the pro- 
file of orthologous groups of C1Pt1-2 proteins 
greatly differs from those of other Bacteroidales, 
itis strikingly similarto that of phylotype R-D17 in 
the candidate phylum Termite Group 1 (TG1), a 
bacterial endosymbiont of the cellulolytic protst 
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Trichonympha agilis found in the gut of the ter- 
mite Reticulitermes speratus (20) (fig. S12). The 
‘TGI endosymbiont also has a reduced and stream- 
lined genome specialized for biosynthesis of amino 
acids and cofactors (20), but unlike C1Pt1-2, TGL 
cannot fix No. 
Endosymbionts of cellulolytic protiss are prob- 
ably required by their protist hosts for the biosyn- 
thesis of nitrogen compounds that are deficient in 
woody materials, The cellulolytic protist with its 
Ne-fixing endosymbionts, in tum, enables highly 
efficient growth of the host termite and its colony 
without being limited by nitrogen deficiency. The 
combined metabolic capacity of these organisms 
hhasallowed termites to tke advantage of anutrient- 
limited resource to humankind’s detriment. 
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Globally Distributed Uncultivated 
Oceanic N,-Fixing Cyanobacteria 
Lack Oxygenic Photosystem II 
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Tuo Shi,” H. James Tripp,” Jason P. Affourtit® 


Biological nitrogen (N;) fixation is important in controlting biological productivity and carbon flux 
in the oceans. Unicellular Nz-fixing cyanobacteria have only recently been discovered and are 
widely distributed in tropical and subtropical seas. Metagenomic analysis of flow cytometry—sorted 
ells shows that unicellular Nz-fixing cyanobacteria in “group A” (UCYN-A) lack genes for the 
‘oxygen-evolving photosystem Il and for carbon fixation, which has implications for oceanic carbon 
and nitrogen cycling and raises questions regarding the evolution of photosynthesis and No 


fixation on Earth, 


the enzyme nitrogenase, which is present 
in diverse Bacteria and Archaca (J). Ma- 
rine BNF is particularly important in the oli- 
gotrophic open-ocean gyres, where nitrogen (N) 
inputs to stratified surface waters are stoichio- 
metrically related to photosynthetic carbon (C) 
fixation and the vertical export of C to the deep 
‘ocean (2). Biogeochemically based estimates 
of oceanic No fixation rates are much higher 
than previously believed (2-5). Occanic BNF 
was assumed to be primarily due to the fila- 
mentous cyanobacteria Trichodesmium (6, 7) 
and the symbiotic filamentous cyanobacteria 
Richelia (8, 9), until the recent discovery that 
oceanic unicellular cyanobacteria are impor- 


B iological Np fixation (BNF) is catalyzed by 
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Fig. 1. Cytogram of the forward scatter (x axis) 
and chlorophyll fluorescence (y axis) profile from 
concentrated water samples collected from a depth 
‘of 15 m at Station ALOHA (North Pacific) in late 
January 2008. The UCYN-A population sorted for 
MDA genome amplification and subsequent 
sequencing indicated by the red arrow. 


tant in oceanic Np fixation (0, 11). The uni- 
cellular Nz-fixing cyanobacteria were initially 
discovered only by amplification of nitroge- 
nase genes and gene transcripts (mRNA) from 
‘oceanic water samples (/2, 13), because they 
cannot be detected with traditional net collec- 
tion methods and microscopy as can Tricho- 
desmium and Richelia 

One phylogenetic group of unicellular N~ 
fixing cyanobacterial nitrogenase gene sequences 
(group A” or UCYN-A nifff) (13) is: most 
closely related to sequences from the marine 
unicellular cyanobacterium Cyanothece sp. strain 
ATCC $1142, a marine strain isolated from an 
intertidal habitat, and to those of the unicellular 
eyanobacterial symbiont of the diatom Rhopalo- 
dia gibba (14), UCYN-A nifH gene sequences 
have been reported from the Atlantic and Pacific 
Oceans (15), but UCYN-A cyanobacteria have 
not been successflly cultivated despite repeated 
attempts. These microorganisms express nitro- 
‘genase genes with maximum transcript abundances 


i 


16S rRNA 


82 


0.01 


during the light period (11, 16). The daytime ex- 
pression of nitrogenase presents an enigma, because 
the enzyme is inactivated by oxygen evolved dur- 
ing photosynthesis. Most cyanobacteria use tempo- 
ral or spatial separation of photosynthesis and No 
fixation to prevent nitrogenase inactivation (17), 
However, we found that UCYN-A cyanobacteria 
have a genotype not previously known in free- 
living cyanobacteria and are genetically incapable 
of oxygenic photosynthesis, which also explains 
why they can fix N> during daylight 

‘We initially assumed that the UCYN-A 
cyanobacteria would have cell diameters of 2 t0 
& um, similar to those of typical coastal 
(Cyanothece) and oceanic (Crocosphaera watso- 
nii, UCYN-B) cyanobacteria (/8), but discovered 
that the UCYN-A cells were less than 1m in 
diameter (19). Natural populations of UCYN-A 
cells could not be completely separated from other 
small phototrophic and heterotrophic populations 
by flow cytometry (FCM), but highly enriched 
cell sorts were obtained by sereening cells sorted 
by fluorescence-activated cell sorting (FACS) for 
UCYN-A nif genes with a quantitative real-time 
fluorescence polymerase chain reaction (QPCR) 
assay, Real-Time TagMan (16, 20). We refined 
sort parameters (fig. S1) from those we previ- 
ously used (19) to sort natural populations of 
UCYN-A cells fom numerous North and South 
Pacific Ocean water samples (Fig. 1). We found 
that the populations are widely distributed, which 
indicated that our sorting strategy for UCYN-A 
cells was robust (table $2), 

‘Amplification of 16S ribosomal RNA (rRNA) 
genes from the sorted cells, using PCR with 
universal 16S rRNA. primers, showed that the 
sorted population contained some noncyano- 
bacterial Bacteria (such as Pelagibacter ubique) 
and non-Np-fixing cyanobacteria (Prochloro- 
coccus and Synechococcus) in addition to the 
UCYN-A cyanobacteria (table $1), The per- 


Glovocapsa sp. KO20B5 

F Gloeocapsa sp. KO30D1 

00TT Gioeocapsa sp. KO38CU6 

Cyanothece sp. ATCC 51142 

symbiont of Climacodium fravenfeldianum 

199 Crocosphaera watsonii WH 8501 
ryanothece sp. WH 8802 

1533AA41 


1805AA44 
100) AB33AK" 2.38 

711404 1AA2S 
Cyanothece sp. WH 8904 
eothece sp. KO110G. 
Gloeothece sp. KO68DGA 
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4 


Aphanothece sacrum 
Rhopalodia gibba 
Cyanothece sp. PCC 8801 


Fig. 2. Phylogenetic tree of North and South Pacific Ocean UCYN-A full-length 165 rRNA 
nucleotide gene sequences showing the relationship of UCYN-A to Cyanothece sp. ATCC 51142 and 
other unicellular cyanobacteria. The arrow indicates the UCYN-A group. 
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centage of UCYN-A cells in the defined sort 
region varied depending on the source of the 
(tables S1 and $2). 

All 16S rRNA, nifH, and nifD sequences 
amplified from sorted cells were consistent with 
the UCYN-A cells being Cyanothece-like uni- 
cellular No-fixing cyanobacteria (/3) (Fig. 2 and 
figs. S2 and S3) even though they were much 
smaller, The 16S RNA Cyanothece-like se- 
quence was linked to the UCYN-A nifH gene 
by FACS-sorting single cells and multiplex gene 
amplification (fig. $2) of nifH and 16S FRNA 
‘genes from individual cells in which the positive 
single-cell QPCR reaction mixtures for nifH were 
used as a template for the second 165 RNA 
amplification (2/). Reactions that were negative 
for UCYN-A nifH! were also negative for 
unicellular No-fixing eyanobacterial 165 RNA. 
(fig. $2), 

‘A water sample collected from a depth of 
15 mat the North Pacific Ocean long-term mon- 
itoring site Station ALOHA in late January 2008 
(during Hawaii Ocean Time-series cruise HOT 
199) indicated the presence of a high propor- 
tion (51%) of UCYN-A cell 1), We used 
this population for metagenomic analysis, using 
Titanium sequencing technology from 454 Life 
Sciences (2/). Multiple displacement ampli- 
fication (MDA) (2/) of DNA from approxi- 
mately 5000 sorted cells was used to generate a 
genomic shotgun library that we estimate gave at 
least 10-fold genomic coverage of the 2- to 3-Mb 
UCYN-A genome in approximately 400,000 se- 
{quence reads (assuming that roughly one-third of 
the reads in the run were not UCYN-A). 177,834 
sequence reads were most similar to the No~ 
fixing unicellular cyanobacteria Cyanothece sp. 
ATCC $1142, Cyanothece sp. CCY 0110, or 
. watsonii WH 8501, on the basis of a BLAST 
analysis (2/), whereas only 40,593 sequences 
had best BLAST hits to Prochlorococcus pro 
teins, and 96,341 sequences were most similar 


Other Cyanobacteria 17 Seqs - 


‘Rhopeloaia Endosymbiont 3 Seqs — 
‘Nostoc 5 Seqs - 
‘Aphanocapsa 6 sens, 


to proteins from other microorganisms, including 
noncyanobacterial Bacteria. The 165 rRNA se- 
quences also showed that the library was domi- 
nated by UCYN-A DNA sequences (Fig. 3), and 
they agreed with the QPCR data for UCYN-A 
cyanobacteria. The sequence read library repre- 
sented good coverage of the UCYN-A genome 
because it contained the entire nitrogenase gene 
cluster on one assembled contig (Fig. 4) (2/). 
The nitrogenase gene arrangement and compo- 
sition were very similar to those of Cyanothece 
sp. ATCC $1142 and of the R gibba symbiont 
(Fig. 4). Most of the proteins in the common 
cyanobacterial genome core (22) were identi- 
fied by BLAST. Comparison of sequences to 
the cyanobacterial genome core (2/) indicated 
that at least 79% of the core cyanobacterial 
genome had been sampled (fig. $4). 

Although the core genes and all the nif genes 
‘were present, no candidate UCYN-A sequences 
were found that comesponded to C fixation, C 
concentration, or photosystem IT (PSII) and as- 
sociated pigments (such as phycoerythrin or 
phycobiliprotcin linker). However, good cov- 
erage of candidate UCYN-A PSI genes was 
obtained (Fig. 5). In comparison, we had equal 
coverage of Procklorococcus PSI and PSII genes, 
although they were a much smaller component 
of the sequence library (Fig. 5). However, we 
did detect a complete PSI psad gene, found on 
one single assembled contig (5788 base pairs 
(bp) assembled from 948 sequence reads), fol- 
lowed immediately by 1857 bp of the psaB gene, 
which clustered with sequences from other 
unicellular Nz-fixing cyanobacteria (fig. $3). 
No unicellular Np-fixing cyanobacteria phyco- 
erythrin or phycocyanin genes (or associated 
linkers) were found in the metagenome, which 
is consistent with the observation that UCYN-A 
cyanobacteria were not detected by phycocry- 
thrin fluorescence in FCM (/9). Additional PCR 
experiments readily amplified the UCYN-A PSI 


Other Bacteria 50 Seqs 
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Fig. 3. Phylogenetic affiliation of 165 rRNA sequences from metagenome sequences obtained from 
the station ALOHA 15-m sample. Sequences matching 165 rRNA were first retrieved by comparing 
the metagenome reads against those of the Ribosomal Database Project. Matching sequences were 
then assigned phylogenetically by BLASTn comparison to the nonredundant database at the 
National Center for Biotechnology Information (NCBI). 
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genes found on the genomic contig, but no C 
fixation or PSII genes were obtained. We ob- 
tained further evidence that UCYN-A lack PSII 
genes by amplifying photosynthetically critical 
genes using degenerate PCR primers (21). From 
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Fig. 4. Comparison of the UCYN-A nif gene cluster 
to those of Cyanothece sp. ATCC 51142 and the 
R. gibba symbiont. The nif cluster was located on a 
large (135,849 bp) contig assembled from 5161 
sequence reads. The figure shows the synteny of 
approximately 23 kbp of coding sequences for the 
nif gene clusters of UCYN-A (contig 02671, NCBI 
accession no. F)170277), a Nerfixing endo- 
symbiont of R. gibba (NCBI accession no. 
‘AY728387), and the circular chromosome of 
Gyanothece sp. ATCC 51142 (EMBL accession no. 
€P000806). Genes with full-length matches of 
amino acid sequence are shown in dark gray, 
genes with no matches are shown in tight gray, and 
‘noncoding DNA is shown in white. 
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multiple samples of sorted cells, we successfully 
amplified UCYN-A psad fragments with DNA 
sequences >98% identical to those genes found 
‘on the genomic contigs. However, attempts to 
amplify genes for the PSII D1 protein (psbA) as 
Well as the RuBisCO lange subunit yielded only 
sequences that were >98% identical to those of 
Prochloracoccus ot >94% identical to those of 
Synechococcus species, and none that were sim- 
ilar to those of unicellular diazotrophs, as ex- 
pected for UCYN-A sequences. The absence of 
any candidate UCYN-A PSII genes is clear, given 
the random and complete coverage of the se- 
quencing effort, the high percentage of genome 
core coverage, the lack of amplification when 
degenerate primers were used, and the random 
location of photosynthesis genes in cyanobacte- 
rial genomes (23). Although it has been shown 
that some cyanobacteria can uncouple PSI from 
PSII using either organic (24) or inorganic (25) 
substrates as electron donors, this is the first ob- 
servation of a cyanobacterium that completely 
lacks the PSI apparatus. This conclusion is strik- 
ing because there are no reports to our knowledge 
of free-living cyanobacteria that are not oxygenic 
phototrophs, 

‘The UCYN-A phylogeny and poor pigmen- 
tation (dim chlorophyll fluorescence) resemble 
those seen in observations of the R. gibba sym- 
biont (74), Although the R. gibba symbiont se 
quences are no closer to UCYN-A sequences 
phylogenetically than to those of other eyano- 
bacteria in the unicellular Ns-fixing cyanobac- 
terial lineage (Fig. 2 and fig, $3), the symbiont 
of R. gibba also appears to have lost photosyn- 
thetic capabilities and pigmentation (/4, 26), In 
the R. gibba symbiont, some of the PSII proteins 


(psbC and psbD) have become pseudogenes 
(14, 26). We did not detect UCYN-A cells in 
association with large cells, neither in size- 
fractionation filtration nor by FCM, and it ap- 
pears fo be a free-living organism. 

Our work shows that oceanic UCYN-A cya- 
nobacteria are missing the entire PSII apparatus, 
although the PSI apparatus appears to be intact 
(Fig. 5). It is possible that UCYN-A cyanobac- 
teria are photoheterotrophic cells that generate 
adenosine triphosphate with PSI and are not able 
to fix C by the Calvin-Benson-Basham cycle as 
‘oxygenic photoautotrophs do. It is unclear how 
PSI functions in the absence of PSIL. The UCYN-A. 
strain, like the R. gibba symbiont, fixes No during 
the daytime, judging by its nitrogenase gene ex- 
pression pattern (1/). The lack of a functional 
PSII in the UCYN-A cells means that nitrogenase 
will not be poisoned by oxygen evolved from 
photosynthesis. The lack of oxygenic photo- 
synthesis in UCYN-A cells has implications for 
C and N cycling in the oceans, as well as for the 
evolution of photosynthesis and Nz fixation, 
UCYN-A cyanobacteria overlap in size and 
fluorescence characteristics with non-N,-fixing 
microbial populations in the open ocean, includ- 
ing Prochlorococeus, Synechococcus, and other 
Bacteria, making them difficult to detect and 
quantify in the oceanic picoplankton. However, 
unicellular cyanobacteria may have a substan- 
tial impact on the N budget (10, 11), particu- 
larly in this case, because Np fixation is not 
linked to C fixation. It is critical to determine 
the global importance of Np fixation by this 
‘unusual photoheterotrophic cyanobacterial group 
in order to better constrain the global ocean N 
budget. 
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Fig. 5. Photosystem genes identified from sequencing of FACS-sorted environmental samples. The 
distribution of the number of sequence reads having top BLAST matches to individual photosystem 
genes in metagenomes of UCYN-A and Prochlorococcus is shown. Candidate UCYN-A photosystem 
sequences were identified by screening for reads having top BLAST matches to photosystem genes 
in Cyanothece, Crocosphaera watsonit WH8501, and Synechocystis, which are phylogenetically 
related to UCYN-A and hence collectively represent a proxy of the UCYN-A metagenome. The inset 
shows the distribution of the total number of PS! and PSII genes identified in metagenomes of 
UCYN-A, Prochloracoccus, and marine Synechococcus. 
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contain a Pro-X-Ser/Thr-Pro (P-X-S/F-P) motif, 
marking them as high-stringency sites (20) (Fig. 
1A). Because SPCH differs from the nonsub- 
strate MUTE and FAMA proteins primarily in the 
MPKTD, we perfomed phosphorylation assays with 
a version of SPCH lacking the MPKTD and with 
the MPKTD alone. All MPK3 and MPK6 in vitro 
phosphorylation target sites appear to be contained 
within the SPCH MPKTD (Fig. 1B and fig. S3). 


We then tested the finetional importance of 


the SPCH MPKTD by using both the strong, 
broadly expressed 35S promoter and the endoge- 
nous SPCH promoter to express full-length SPCH 
and SPCHAMPKTD variants in plants. Expres- 
sion of 358::SPCH was previously reported to 
duce divisions in pavement cells (2) and to produce 
‘extra stomatal lineage cells (3). 35S:.SPCH ex- 
in wild-type plants resulted in additional 


divisions in pavement cells and a modest increase 
in total epidermal cell number (Fig. 2B), whereas 
expression of SPCHpro::SPCH in the wild type 
resulted in no significant phenotypic effects (Fig. 3). 
In contrast to these results with full-length SPCH, 
SPCHAMPKTD variants markedly affected epi- 
dermal development. When the entire domain was 
deleted (35S-SPCHA93 or SPCHpro::SPCHA93), 
the epidermis of transformed plants exhibited large 
clusters of stoma (Fig. 2C and fig. S4), a pheno- 
type similar to that produced by 35S::MUTE (2, 3). 
The SPCHAS3 results are unsurprising given the 
strong similarity of SPCH and MUTE—partcularly 
when the MPKTD is removed (Fig. 1A)—and in 


light of previous reports that overexpression of 


FAMA deletion variants mimics 358::MUTE (1) 
More informative were the phenotypes induced 
by expressing a smaller deletion that climinates 


95S:SPCH §C ‘SPCHpro::A98} 


SPCHprogs1-5 
nN) 


Fig. 2. Confocal images of phenotypes of SPCH variants expressed in plants. (A to D and G to J) Confocal 
images of 7-dpg abaxial cotyledons. Specific genotypes are noted in upper right comer of images. (E and 
F) Expression of ™MApro::TMM-GFP (green) in 355:SPCHA49 (F) compared to wild-type (WT) control (E). 
(K and L) Comparison of expression patter for full-length SPCH (K) and SPCH variant with four S/T + A 
substitutions (L) in abaxial leaves 1 and 2 at 11 dpg. SPCH expression in nuclei fs shown in green. Note 
additional SPCH-expressing cells and persistence of SPCH in young guard cells (white arrow) in (L). Images 
in (A) to () are at the same magnification. Scale bars, 50 ym. 
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ight target sites (four of five high-stringency sites) 
but leaves the fifth high-stringency site (Ser) 
intact (SPCHA49, Fig. 1A) orthe complementary 
deletion that removes the remaining target sites 
(SPCHAS!, Fig. 1A). Expression of each deletion 
Variant produced excessive numbers of asymmetric 
cell divisions in the epidermis, with SPCHA49 pro- 
ducing a stronger but qualitatively similar pheno- 
type to that of SPCHA3/ when expressed with 
the same promoter (Fig. 2D and fig. $4, B to D). 


The divisions induced by SPCHA49 and SPCHA31 
were physically asymmetric and created cells with 
atal 


meristemoid morphology, much like the sto 
lineage-establishing divisions that SPCH promo 
during normal development. To better characterize 
the cells produced by ectopic divisions, we moni- 
tored the expression of cell fate markers, Nearly all 
small, ectopic cells expressed TMMpro::TMM-GFP, 
a general marker of cells in the stomatal lineage 
(Fig. 2, Eand F) (7), A smaller fraction expressed 
MUTEpro::GFP, a marker that is normally ex- 
pressed in meristemoids just before their transi- 
tion to guard mother cells (GMCs) (2). Thus, the 
population evidently consists of both meriste- 
moids and other stomatal lineage cells (fig. S4H). 

The division-promoting behavior of both 
SPCHAd9 and SPCHA31 suggests that multiple 
residues within the MPKTD are functionally im- 
portant. To define the spec 
peated the in vitro and in vivo assays with SPCH 
variants in which the phosphorylatable S/Ts of 
the five high-stringency phosphorylation sites were 
substituted with nonphosphorylatable alanines. 
Each of these $/T + A variants was made as a 
fusion protein with yellow fluorescent protein 
(YFP) at the C terminus and was expressed with 
the SPCH promoter (2/). Converting all five high- 
stringency MAPK target residues to alanines 
(SPCHpro::SPCHI-5 S/T>A) resulted in a protein 
that created ectopic stomata like those created by 
‘SPCHpro::SPCHAS3 (Fig. 2G), Converting the first 
four sites to alanines (SPCHpro::SPCH1-4 S/T>A) 
resulted in ectopic division phenotypes similar to 
those seen with SPCHpro::SPCHA49 (Fig. 2H). 
The effect of SPCHprn::SPCHS S/T>A, however, 
was much weaker than that of SPCHpro::SPCHA31 
(Fig. 3 and fig. S4, D and E). 

To test whether specific S/T residues or the 
‘overall number of S/T sites were important for 
SPCH regulation, we made additional combina- 
tions of ST — A changes and assayed their ability 
to induce additional cell divisions. In representative 
lines from each variant (2/), the ability to promote 
excess asymmetric cell division increased as more 
sites were climinated (Fig. 3 and fig. $4). These 
results strongly suggest that multiple P-X-S/E-P 
sites are biologically important sites for SPCH 
regulation. Using mass spectrometry, we found 
evidence of phosphorylation at several of these 
functionally critical sites (fig. $5). 

Elimination of MAPK target sites generated 
SPCH variants with greater activity, consistent 
with phosphorylation of the MPKTD having a 
repressive role. If the MPKTD is solely a nega- 
tive regulatory domain, then each of the variants 


residues, we re- 
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should still rescue spch mutant phenotypes. We 
assayed rescue of spch-3 by MPKTD deletion and 
S/T A variants (fig. S6); in the course of this 
‘experiment, we found it necessary to refine our 
criteria for rescue to include not only the produc- 
tion of stomata (the ultimate result of SPCH activ- 
ity) but also the generation of physically asymmetric 
cell divisions (the immediate consequence of SPCH 
activity), because multiple SPCH variants appeared 


Fig. 3. Production of di- 
visions and stomata by 
SPCH variants in the wild 
type. Shown are average 
numbers of stomata and 
onstomatal cells (pave- 
ment, meristemoid, and 
small dividing cells) in 
0.25-mm? sections of 7- 
ddpg abaxial Col cotyedons 
expressing the indicated 
SPCH variant with the SPCH 


to separate these two processes. For example, 
‘SPCHpro::SPCH-4 S/T>A, SPCHpro::SPCHM9, 
and 35S::SPCHA49 did not produce stomata 
but did induce additional asymmetric divisions 
(figs. S41 and S6). It was possible to trace the failure 
to rescue spch to a single mutation (Ser'?? + Ala 
in SPCHpro::SPCH1 S>A) (fig. S6), indicating a 
role for phosphorylation in the MPKTD 
to negative regulatory elements. 


Promoter. Asterisk indi- 
Cates significant difference 
from SPCHpra:‘SPCH phe- 
notype joint confidence 
coeffient P = 99% (22). Eror bars are SE. 


oll 


‘SPCHpro::SPCH variant 


D .tmmi€A-YODA 


Fig. 4. Effects of endogenous stomatal regulators on SPCH function. (A) Scheme of known stomatal 
regulatory pathway (P, phosphorylation). (B to D) Suppression of tmm-1-mediated enhancement 
of SPCHpro::SPCH phenotypes by C4-YODA. (B) Baseline of tmm-1 clustered stomata. (C) Enhanced 
clusters in SPCHpro::SPCH; tmm-1. (D) Block in excess stomatal production by CA-YODA in 
‘SPCHpro::SPCH; tmm-1. (E to G) Enhancement of SPCH activity in erlZ;erl2 mutant background. (E) 
erlerl2 with no stomatal clusters, (F) SPCHpro::SPCH; erl1:erl2, and (G) SPCHpro::SPCHA49; erl1;erl2 
all result in a statistically significant increase in the stomatal density and fraction of stomata in clusters. 
(H to J) Lack of enhancement of SPCH by sddi. (H) sdd2 mutants exhibit pairing of stomata and 
‘increased density. Expression of SPCHpro::SPCH (I) or SPCHpro::SPCHA49 ()) in sdd1 does not enhance 


the sdd1 stomatal overproduction phenotype. 
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Results with the S/T —+ A SPCH variants 
suggested that negative regulation by phospho- 
rylation can be a mode of SPCH regulation. Ifthe 
known stomatal regulators and MAPK compo- 
nents are endogenous regulators, then SPCH 
activity should be enhanced when these regu- 
lators are climinated by mutation, Our results 
s hypothesis; SPCHpro::SPCH-GFP 
expression in a ¢mm-1 background yielded a mas- 
sive overproduction of stomata instead of a subtle 
increase in epidermal cell divisions (2) (Fig. 4, B 
and C), This stomatal overproliferation phenotype 
ccoulld be suppressed by expressing CA-YODA in 
SPCHpro::SPCH-GFP;tmm-I plants (Fig, 4D). 
We further tested the effects of known stomatal 
regulators on SPCH behavior by expressing 
SPCHpro::SPCH and SPCHpro::SPCHA49 in 
backgrounds with mutations in either MPK3 or 
MPK6 and in a double mutant of the putative 
upstream receptor-like kinases ERLI and ERL2. 
These backgrounds were specit 
‘cause none has a stomatal patter 
‘own (/0, 22). In each MAPK. and receptor 
tant background, the phenotypic effect of SPCH 
intly enhanced relat 
with these proteins 
Hors (Fig. 4, E 


stomatal regulators, we albo expressed the variants 
in sdd1. SDD1 is also a negative regulator of 
stomatal development but was recently shown to 
act independently of YODA, TMM, and El 
ception of EPF1 (8). There was no statistic 
nificant increase in stomatal production or clustering, 
when SPCHpro::SPCH or SPCHpro::SPCHA49 
were expressed in sdd/ (Fig. 4, H to, and fig. S7, 
A and B). Taken together, the behavior of SPCH 
in these mutant backgrounds suggests that mem- 
bers of the established stomatal receptor/MAPK. 
signaling system modulate SPCH activity in vivo. 


‘or MAPK pathway members being involved 
SPCH regulation, Furthermore, although these re- 
sults are consistent with TMM, ER-family rece 
tors, and the MAPKs controlling SPC! ty 
itself, itis also possible that these proteins regulate 
the behavior of cells produced by SPCH activity 

Eliminating MAPK target si 
function and subsequent stomatal development; 
however, these experiments do not address the 
mechanism by which phosphorylation affects 
SPCH. Substrates of MAPK phosphorylation are 
ffien associated with changes in localization, 
stability, or interaction partners (23, 24). All 
‘SPCH variants are constitutively nuclear (2) (Fig. 2, 
K and L), which suggests that SPCH phosphoryla- 
tion does not alter its subcellular localization; 
however, it is possible that SPCH phosphoryla- 
tion alters SPCH persistence. A structural hint of 
this mechanism is the presence of a predicted 
PEST domain [PESTfind score +7.63 (21)] in the 
‘SPCH MPKTD (fig. $5). Functionally, elimination 
of MPKTD phosphorylation sites results in excess 
SPCH protein as 
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‘Typically, carly in leaf development, SPCHpro:: 
SPCH-YFP is expressed in many small cells, but 
fluorescence diminishes as cells become morpho- 
logically distinct meristemoids (2) (Fig. 2K). 
Relative to equivalently staged SPCHpro:: 
SPCH-YFP plants, SPCH variants with strong 
‘overproliferation phenotypes displayed increased 
numbers of YEP-positive cells early (Fig. 2L) 
and a trend toward increased protein persistence 
into meristemoid, GMC, and guard cell stages 
later (Fig. 2L and fig. $8). When expressed in a 
CA-YODA background (in which SPCH was 
predicted to be phosphorylated), full-length 
SPCH-GFP was not visible, nor could it promote 
stomatal development (figs. S2 and S9C). Howey 
er, GFP-SPCHA49, which is missing phos- 
Phorylatable residues, was detectable and was 
able to drive asymmetric divisions (fig. S9D). 
SPCH is closely related to two other BHLH 
transcription factors that control stomatal devel- 
‘opment, We have shown, however, that a novel 
domain of SPCH renders it uniquely subject to 
phospho-regulation by a group of kinases that 
have been demonstrated to transduce signals down- 
stream of both cell-cell and plant-environment 
interactions (fig. S10). In general, the domain 
mediates repression of SPCH and does so in a 
‘quantitative manner; the more potential MAPK 
sites eliminated, the stronger the effect of the 
SPCH variant on stomatal development. However, 
‘one specific residue phosphorylated by MPK6, 
Set", is requed positively for activity, which sug~ 
‘gests that the MPKTD is the integration site for 
complex regulatory inputs. The MPKTD is of 
unknown origin; it is not present in Arabidopsis 
proteins other than SPCH but is found in SPCH. 


homologs from a varity of plant species (fig. S11) 
(25), hence MAPK regulation of a stomatal bHLH 
is likely to be a widespread regulatory strategy. 

‘SPCH solves a problem intrinsic to MAPK 
signaling—how isa set of generally used MAPKs 
recruited to a specific biological event?—by pro- 
viding the important effector in a spatially and 
temporally restricted domain. From the perspec- 
tive of stomatal control, SPCH guards the entry 
into the stomatal lineage, including the production 
of self-renewing cells that contribute to later flex- 
ibility in epidermal development. This important 
decision point is likely the target of developmen- 
tal, physiological, and environmental regulation 
(26, 27). Coupling the MPK36 signaling module 
to the activity of SPCH provides a unified, yet 
tunable, output for the complex set of inputs from 
these sources. Understanding the elements of the 
MAPK/SPCH regulatory system that coordinate 
stomatal production with the prevailing climate 
may allow the production of food or bioenergy 
cerops with the ability to respond and adapt to 
changes in that climate. 
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Regulatory Genes Control a Key 


Morphological and Ecological Trai 


Transferred Between Species 


Minsung Kim,** Min-Long Cui,** Pilar Cubas,”* Amanda Gillies,” Karen Lee,* 
Mark A. Chapman,” Richard }. Abbott,’ Enrico Coen*t 


Hybridization between species can lead to introgression of genes from one species to another, 
providing a potential mechanism for preserving and recombining key traits during evolution. To 
determine the molecular basis of such transfers, we analyzed a natural polymorphism for flower- 
head development in Senecio, We show that the polymorphism arose by introgression of a cluster 
of regulatory genes, the RAY locus, from the diploid species S. squalidus into the tetraploid 

5. wulgaris. The RAY genes are expressed in the peripheral regions of the inflorescence meristem, 
where they promote flower asymmetry and lead to an increase in the rate of outcrossing. Our 
results highlight how key morphological and ecological traits controlled by regulatory genes 
may be gained, lost, and regained during evolution. 


hanges in regulatory genes have been 
implicated in a range of evolutionary 

‘transitions, operating from the micro- to 
macro-evolutionary scales (/-3). These changes 
have largely been considered as occurring inde 
pendently within different species. However, itis 


also possible that interspecific hybridization plays 
an important role in evolution (4). One conse- 
quence of such exchanges is that they may allow 
traits that are lost because of short-term selective 
pressures to be regained at a later stage. For exam- 
ple, members of the sunflower family (Asteraceae) 


share a composite flower head, with each head 
comprising numerous small flowers (florets). In 
radiate species, the outer florets (ray florets) have 
large attractive petals, whereas the inner florets 
(disc florets) tend to be less conspicuous, Loss 
of the radiate condition has occurred multiple 
times within the Asteraceae, yielding nonradi- 
ate species with only dise florets (5), These events 
often correlate with shifts to higher levels of 
self-pollination (6), which should be favored 
when mates and/or pollinators occur at low den- 
sities (7), Partial or complete reversals from the 
nonradiate back to the radiate condition have 
been described (8), some of which appear to 
involve interspecific hybridization events (9), 
One explanation for such evolutionary gains 
and losses is that key regulatory genes control- 
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ling the trait can be modified and exchanged 
between species. To test this idea, we analyzed 
a welllocumented case of interspecific exchange 
in Senecio. 

Senecio vulgaris (Groundsel) (Fig. 1A) is an 
allotetraploid nonradiate species, native to Europe 
and occurring throughout temperate zones. Ra- 
diate forms of S. vulgaris (Fig. 1B) arose in the 
United Kingdom after the introduction of S. 
squalidus (Fig. 1C), a diploid radiate species 
originating from Sicily. S. squalidus was brought 
to the Oxford Botanic Garden about 300 years 
ago (10), ftom where it spread. As S. squalidus 
became dispersed throughout the United Kingdom, 
it crossed with S. vulgaris, yielding triploid hy- 
brids (/1). Although such triploids have low fer- 


Fig. 1. Flower head of non- 
radiate S, vulgaris (A), radiate 
. vulgaris (B), and S squalidus 
(©. Scale bars, 3 mm. (D) Sec- 
tion through a flower head 
and two individual florets tak- 
en by optical projection to- 
mography. Disc floret petals 
are outlined in orange, where 
a ray floret petals are out- 
lined in red (dorsab or yellow 
(ventral). 


RAY1 NIN 
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tility [seed set <0.02% (9)], some viable progeny 
‘occur as a result of backerosses with S. vulgaris. 
Further rounds of backcrossing are thought to 
have led to introgression of the radiate trait into 
some populations of S. wulgaris (J2, 13). The 
resulting polymorphism for the radiate condition 
in S. vulgaris is controlled by a single chromo- 
some region or genetic locus, here termed RAY 
(14). Thus, the hypothesized introgression would 
have involved transfer of the RAY locus from S. 
squalidus into S. vulgaris. 

The RAY locus affects floral symmetry. Dise 
florets have fivefold radial symmetry, whereas ray 
florets are bilaterally symmetrical (zygomorphic), 
having enlarged ventral (abaxial) and reduced dor- 
sal (adaxial) petal lobes (Fig. 1D). CYCLOIDEA 


REPORTS I. 


(CYC) is a primary gene controlling floral sym- 
metry in Antirrhinum majus, a species with en- 
-ygomorphic flowers (15). CYC encodes a 


tire! 


DNA-binding protein belonging to the TCP fam- 


(16). Proteins from this family contain a con- 
served basic helix-loop-helix region that binds 
DNA (the TCP domain) and have a range of reg- 
latory roles in plant development (16, 17), On the 
basis of Antirrhinum mutant phenotypes, it has 
been proposed that C¥C-like genes might also 
control the development of ray florets in the Aster- 
aceae (18). Supporting this theory, ectopic expres- 
sion of a CYC-like gene from Gerbera hybrida, 
GhCYC2, has differer effects on ray and disc 
floret development in this horticultural species (19), 

To determine whether C¥C-like genes are in- 
volved in the RAY locus, homologs were isolated 
from S. vulgaris, RNA in situ hybridizations on 
radiate plants revealed that two of these genes, 
termed RAY/ and RAY2, were specifically ex- 
pressed in ray floret primordia (Fig. 2, A and B). 
RAY! and RAY2 were expressed in a similar pat- 
tem in radiate (R/R) and nonradiate (N/N) geno- 
types (Fig. 2, A to D). However, the signal 
‘appeared to be stronger in N/N compared with 
RMR. This difference was confirmed by the ex- 
pression levels in RNA from young flower heads 
(Fig. 2E). Stronger expression of the N alleles 
was also seen in RNA from N/R heterozygotes, 
suggesting that it reflects cis-regulatory es 
2E), Phylogenetic analysis showed that RAY/ 
and RAY? belong to a subfamily of TCP ge 
include genes known to control flower asyt 
metry (clade in orange, Fig. 2F). RAY/ and RAY2 
y a duplication event ~30 million years 
ago (20) the evolution of 
the Ast ce of Helianthus, 
Gerbera, and Senecio but after divergence of 
the Asteraceae from the Lamiales (Fig. 2F). RAY2 
appears to be orthologous to GhCYC2 from 
Gerbera, which is also expressed preferentially 
yy florets (19). 


Fig. 2. (A) Expres- 
sion pattern of RAY1 
in a longitudinal sec- 
tion of a developing 
radiate (RR) flower 
head. (B) Expression 
of RAY2 in radiate 
form. (C) Expression 
of RAY1 in nonradi- 
ate (WA) form. (D) 
Expression of RAY2 
in nonradiate form. 
Inall cases, RAYZ and 


RAY2 are expressed in the outer floret primordia (marked by *). Scale bars, 100 jum. (E) 
Semiquantitative reverse transcription polymerase chain reaction (RT-PCR) showing RAY 
and RAY2 expression in young flower heads of R/R, R/N and NAV genotypes. A common 


band for R and Vis indicated with an arrow in the R/V genotype. 185 RNA control is also 
rs shown. (F) Phylogenetic relationships between RAY1, RAY2, and a sample of other genes 
from the TCP family on the basis of a maximum likelihood analysis of amino acid se- 


quences. RAY and RAY2 belong to a dade with CYC and DICH, which control floral 


symmetry in Antirrhinum (15). Bootstraps of 500 replicates (where greater than 50%) are 
shown. Species abbreviations and GenBank accession numbers are given in (30). 
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Fig. 3. (A) RAYI: a 412-bp band that A 
cosegregates with R and a 238-bp and 
2 -174-bp band with V in an F2 popu- 
lation, (B) RAY2: a 540-bp and a 156- 
bp band that cosegregate with R and a 
{696-bp band with N. PCR products of 
RAYI and RAY2 coding regions were 
digested with Tag! and EcoRI, respec- 
tively. (©) Variable sites at RAYI and 
RAY2 in and around the coding regions 
for the four haplotypes N, NZ, R, and 
RI. Polymorphisms that are diagnostic 
for N/N1 versus R/R1 haplotypes are 
shown surrounded by black and white, 
respectively. All other polymorphisms 
are highlighted in gray. Nucleotide poly- 
‘morphisms that cause amino acid changes 
are indicated with asterisks. Positions of 
deletions of TAAGGAAATCCAAACCCCA 


and ATAGAAA in the RAY2-R1 haplotype are marked with arrows. 


- ww 
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Fig. 4. (A) Flower-head phenotypes of RR nontransgenic control plant. (B) Flower head with slightly short 
rays from a transgenic plant overexpressing an internal fragment of RAY1 W allele coding sequences in a 
radiate (RR) S. vulgaris background. (C) Flower head from a RAY1 transgenic, asin (B), with very short ray 
florets. (D) Flower head from a RAY1 transgenic, as in (B), giving no ray florets. (E) Flower head from a 
transgenic overexpressing the RAY2 WV allele coding sequences in a radiate (R/R) S. vulgaris background, 
giving tubular ray florets. (F) Section through a ventralized ray floret, color-coded as in Fig. 1D. All trans- 
genics are T1 generation, obtained by self-pollinating the primary transformants. (G) Semiquantitative 
RT-PCR showing expression levels of RAYI and RAY2 in the transgenics, together with controls for 185 
RNA and the kanamycin resistance gene (NPTIN. R, normal radiate head; N, nonradiate or discoid head; 
55, slightly short rays; S, short rays; VS, very short rays, tubular rays with ventralized petals. Scale bars, 


2 mm [(A) to (E)] and 1 mm (F), 


To determine whether RAY! or RAY2 map 
to the RAY locus, their sequence was deter- 
mined for parental radiate (R/R) and nonradiate 
(NAN) plants, allowing genotype-specific CAPS 
(cleaved amplified polymorphic sequences) to be 
designed (Fig. 3, A and B). Genotyping an F2 
population derived from these parents revealed 
that both RAY/ and RAY? segregated with flower- 
head phenotype, and we observed no recombi- 
nants in more than 700 plants. Linkage between 
RAY! and the RAY locus was further confirmed 
by bulk segregant analysis on R/R and N/N geno- 
types, and no recombinants were observed out of 
2800 chromosomes. CAPS were also used to geno- 
type accessions of radiate and nonradiate forms 
from various locations in the United Kingdom 
(table $1). In all cases, the RAY and RAY2 geno- 
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types matched the phenotype, confirming a tight 
association with each other and with the RAY 
locus. This was further confirmed by sequencing 
the RAY genes from several U.K. S. vulgaris ac- 
cessions: All sequences from R/R genotypes were 
identical, while two minor variants were found 
among N/N genotypes, termed N and NJ (Fig. 3C). 
‘Thus, both RAY/ and RAY? are tightly linked and 
associated with RAY, and we were able to define 
three haplotypes: N, NJ, and R. Because the ra- 
diate condition in S. vulgaris is thought to have 
originated fom S. squalidus, RAYI and RAY2 were 
also sequenced from various U.K. accessions of 
S. squalidus. This revealed two haplotypes, one 
identical to the R-haplotype of S. vulgaris and 
another that was a variant of R and was termed 
RI (Fig. 3C and table $1). These results provide 


‘molecular proof that the radiate form of S. vulgaris 
arose through hybridization with S. squalidus plants 
and show that the R-haplotype was introgressed 
through this process. 

Comparing the sequences of the haplotypes 
revealed several differences between N/V/ and 
PARI (Fig. 3C and fig. S1A), No diagnostic amino 
acid substitutions were found for RAY, wherea 
‘two amino acid substitutions (S to F,D to E) were 
associated with the N/N/ alleles of RAY2. The 
substitutions found in the N and N/ alleles of 
RAY2 were also found in the radiate species S, 
vernalis and S. glaucus (fig. S1B), making it 
unlikely that they are responsible for the nonra- 
diate condition, Several diagnostic differences were 
also found in the 5" and 3" noncoding regions. As 
these represent only a limited sample of flanking 
seques likely that further differences would 
also be found in regions extending further out from 
the genes. Thus, the N/N/ and R/RI haplotypes 
have accumulated multiple nucleotide differences 
since they diverged from their common ancestor 
and it is likely that the functionally important 
changes lie outside the RAY/ and RAY? coding 
regions. 

The rapid spread of the radiate trait in S. 
vulgaris, despite the strong reproductive bar- 
rier between S. vulgaris and S. squalidus, sug- 
gests that the introgression of the R haplotype 
may have been driven by selection, presumably 
acting on differences outside the RAY] and RAY2 
coding regions. However, testing for selection by 
analyzing sequence variation at the RAY locus is 
not straightforward because most selection tests 
assume a single interbreeding population (2/), 
whereas introgression of R involved exchange 
between two divergent species separated by a 
major reproductive barrier. 

Asa further test of whether RAYI and RAY2 
play a role in ray floret development, we trans- 
formed radiate S. vulgaris with two constructs, 
both of which are driven by the constitutive 35S 
promoter (the radiate background was chosen 
because N is semidominant and is thought to 
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represent the derived condition). Expression of 
an internal fragment of the RAY! coding region 
(Nallele) that includes the conserved TCP and 
R domains, yielded 10 independent tansformants. 
Five of these plants produced slightly shorter ray 
florets (Fig. 4, A and B), three produced very short 
ray florets (Fig, 4C), and two had only dise florets 
(Fig. 4D), resembling nonradiate plants. These 
results suggest that overexpression of RAY! is 
repressing ray floret development, consistent with 
the higher levels of RAY! expression observed in 
NIN genotypes. However, the level of transgene 
expression did not correlate in a simple manner 
with the severity of the phenotype; transgenics 
with slightly short ray florets had higher levels of 
expression than the disooid transgenics (Fig. 4G). 
There was also no correlation with the endoge- 
nous levels of RAY/ gene expression, because 
these levels were similar in transgenics with dif- 
ferent phenotypes (fig. SID). The variation in 
transgenic phenotype may reflect differences in 
the pattem of transgene expression, posttranscrip- 
tional interactions with the intemal RAY! fragment 
used in the transformations, or perhaps promotive 
as well as inhibitory effects of RAY! on ray floret 
development. Whatever the explanation, the re- 
sults indicate that RAY? plays a critical part in 
controlling ray versus dise floret identity. 

Expression of the entire RAY2 coding region 
(Nallele) in the radiate background produced tu- 
bular ray florets in three independent transgenics 
(Fig. 4E). All petal lobes in these florets resem- 
bled the long ventral (abaxial) petal lobes of nor- 
mal ray florets (Fig. 4, E and F), which suggests 
that RAY? is involved in promoting ventral iden- 
tity in ray florets, Unlike ectopic expression of 
GhCYC2 in Gerbera hybrida (19), dise floret de~ 
velopment was not modified by expression of 
RAY?2. This difference may reflect the fact that the 
innermost florets in Gerbera hybrida are not 
fully radially symmetrical (/9) and may have 
some raylike character even in untransformed 
horticultural varieties, 

‘We conclude that the RAY locus comprises a 
cluster of C¥C-like genes that have played a key 
role in the evolution of the radiate condition. 
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Radiate development in the Asteraceae can be 
compared to the functionally analogous process 
controlling the development of individual flow- 
crs. For both systems, peripheral expression of 
regulatory genes is involved in establishing the 
identity of the attractive organs—CYC genes for 
radiate heads and MADS box genes forthe flower 
(22-24), The main difference is that for radiate 
heads, peripheral expression is organized with re- 
spect to the inflorescence apex, whereas for floral 
organ identity it is organized in relation to the 
floral apex. Dorsoventral asymmetry within indi- 
vidual flowers is also established in relation to the 
inflorescence apex (18, 25). Thus, the ability of 
CYC genes to respond to a basic prepattem, cen- 
tered on the inflorescence apex, could have led to 
their co-option and involvement in a key evo- 
lutionary innovation in the Asteraceae: radiate 
development. 

The subsequent loss of the radiate condition 
in lineages of the Asteraceae most likely reflects 
tradcofs involved in the evolution of breeding 
systems. Self-ferilization allows reproductive as- 
surance under conditions where mates and/or pol- 
linators are absent or occur at low densities (7) 
and may be favored, therefore, in colonizing and 
weedy species, such as S. vulgaris (26, 27), de- 
spite barriers imposed by inbreeding depression 
(28) and pollen discounting (29). However, a 
self-fertlization strategy may impose long-term 
limitations on responding to changing environ- 
‘mental conditions. Reintroduction of genes that 
promote outcrossing may therefore allow a self- 
pollinating species to revert and prevent extine- 
ion in the longer term. Our results therefore 
the interplay between regulatory genes, 
development, and life history, and show how gene 
transfers between species may play an impor- 
tant part in the evolution of key ecological and 
morphological traits. 
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New Products Focus: Automation 


Personal Automation System 

The Maxwell 16 Flexi Method Firmware features a new software 
system that provides users with flexibility and control of automated 
instrument operation. The new functionality helps research 
labs develop and optimize instrument methods to maximize 
performance for unique sample types and address specific 
application requirements. The Maxwell 16 System with the Flexi 
Method Firmware delivers flexible results from diverse sample types; 
controls key aspects of instrument operation; simplifies workflow 
with fully integrated prefilled cartridges and preprogrammed 
protocols; and requires only as much space as a laptop computer. 
The system can simultaneously purify up to 16 samples without 
user intervention. 

Promega 

For information 608-274-4330, 

www.promega.com 


Baculovirus Titer System 

A novel titration system, deltaTITER enables researchers to 
accurately quantify the amount of baculovirus in a sample in just 
one hour. The kit offers a significant five-day time saving and 
accuracy benefits compared with the traditional method of plaque 
assay, which requires skilled personnel and often gives variable 
results. Measurement of baculovirus titer is an important workflow 
component for protein expression, in both research and production 
laboratories. The automated kit is based on a proprietary buffer 
system, andisdesigned to be used with deltaDOT’s high-performance 
capillary electrophoresis tool, the Peregrine. 

deltaDOT 

For information +44-(0)-207-594-1001 

www.deltadot.com 


Liquid Handling Module 

‘A new Liquid Handling Module extends the functionality of the 
ArrayScan VTI_HCS Reader. The combination of synchronous 
dispensing-while-imaging capability, kinetic image capture, a range 
of image analysis algorithms, and “on-the-fly” processing allows 


Culture Sample Barcode Labeler 

The Labelmaster I! is an automated system for labeling and organizing culture 
media samples in clinical, food, and pharmaceutical testing laboratories. 
Designed to print and affix labels to petri dishes, the pneumatic system allows 
up toa thousand plates per hour to be processed and sorted accurately. An 
optional storage unit increases this capacity to 1,900. Labels are printed and 
applied directly to the underside edge of the sample plates, which are then 
stacked and sorted one by one. Applying the label in this way allows automatic 
plate readers to be used, protects the barcode from scratches and spills, and 
ensures the label remains attached to the base containing the sample, should 
the lid become dislodged. 

Don Whitley Scientific 

For information +44-(0)-1274-595-728 

www. dwscientific.co.uk 


the real-time capture of cellular phenotypes and rapid biological 
responses, Multiple aspirate/dispense options enable dye loading, 
media replacement, incubation, and stimulus addition to be fully 
automated. The Cellomics ArrayScan VTI with Liquid Handling 
Module provides an automated solution for pharmacological studies, 
including G protein-coupled receptor biology, cell pathway analysis, 
compound pharmacology, and in vitro toxicology. Compatible with 
96-well and 384-well plates, the module makes use of disposable 
tips with a dispensing volume range of 3 pl to 200 i. 

Thermo Fisher Scientific 

For information 905-332-2000 

www.thermofisher.com 


Magnetic Particle Processors 

The MagMAX Express platform is an automated system for nucleic 
acid isolation that incorporates the rapid, reliable, and cost-effective 
magnetic bead-based extraction of nucleic acids. MagMAX Isolation 
Kits extract both genomic and viral nucleic acid from diverse sample 
matrices, with products available for gene expression analysis, small 
RNA research, and microarray profiling. 

Applied Biosystems 

For information 800-327-3002 

www.appliedbiosystems.com 


Vial Barcode Labeler 

The Label X 2D barcode labeler is a stand-alone unit designed to 
accommodate a wide range of glass vials. This semiautomated 
labeler applies barcode labels to the bottom of vials and features 
a compact footprint. The labeler is equipped with interchangeable 
manifolds so it is simple to change between sample vials without the 
use of tools. Manifold options include eight, 24, and 96 vials, ranging 
in diameter from 6.5 mm to 28 mm. It is pneumatically operated and 
requires no electrical connection, applying up to 96 labels in less 
than 20 seconds. 

MatriCal 

For information 509-343-6225 

www.matrical.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org products /newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
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